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SUMMARY
The response  of th e  creep behaviour of ICr.Mo.V. s t e e l  to  both
ra p id  and slow load ing  o r  p r e - s t r a i n i n g  has been examined a t  550°C
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and a t  s t r e s s e s  between 180 N/mm and 270 N/mm .
In  the  f e r r i t e - p e a r l i t e  c o n d it io n  the  creep r a t e  has been shown 
to  e x h ib i t  a dependence on p a r t i c l e  spacing which i s  in  tu rn  
dependent upon th e  r a t e  of i n i t i a l  load ing  o r  p r e - s t r a i n i n g .  A 
g en era l  ex p re ss io n  f o r  th e  creep r a t e  i s  g iven  by th e  equ a tio n
I = s
where i s  th e  s teady  s t a t e  creep r a t e ,  K i s  a c o n s ta n t ,  a i s  the  
ap p lied  s t r e s s  and X the  i n t e r p a r t i c l e  spac ing  of second phase 
p r e c i p i t a t e s .
The h igh  a c t i v a t i o n  energy of 100 kcal/m ol i s  a t t r i b u t e d  to 
bo th  th e  climb d is ta n c e  f o r  d i s lo c a t io n s  to  move p a s t  p a r t i c l e s  and 
to  th e  mechanism by which they climb. The mechanism i s  p robab ly  
a s t r e s s  dependent one such as th e  o p e ra t io n  of B ardeen-H erring  
sources .
A p re v io u s ly  assumed equ ivalence  of creep s t r a i n  and p r i o r  
p l a s t i c  s t r a i n  has been shown to  be in v a l id .
Slow i n i t i a l  load ing  r e s u l t s  in  a c o n s id e ra b le  lo s s  of creep  
r e s i s t a n c e .  The decrease  in  p r o p e r t ie s  i s  n o t so sev e re  i f  a slow 
p r e - s t r a i n  i s  g iven  bu t in c re a s in g  the  amount of p r e - s t r a i n  does not 
overcome th e  adverse  e f f e c t s  of slow defo rm ation .
Rapid i n i t i a l  load ing  g ives  the  b e s t  p r o p e r t i e s ;  p r e - s t r a i n i n g  
r a p id ly  occasions a d e c rea se  of creep r e s i s t a n c e  which i s  in v e r s e ly  
p ro p o r t io n a l  to  the  amount of p r e - s t r a i n .
A nom inally  c o n s tan t  s t r a i n  to  f a i l u r e  was ob ta ined  f o r  b o th  
s lowly and ra p id ly  loaded t e s t s .  In  t h i s  r e s p e c t  th e  m a te r ia l  may be
—  1 —
considered  to c o n s i s t  of a d u c t i l e  m a tr ix  in  which th e  deform ation  
r a t e  but not q u a n t i ty  i s  determined by second phase p a r t i c l e s .
2 —
SYMBOLS
a s t r e s s
ê s t r a i n  r a t e
e s t r a i n
t  time
T tem p era tu re , q u a l i f i e d  where n e cessa ry  by °C o r  °K
m elt in g  tem peratu re  in  
R gas co n s tan t
Q a c t i v a t i o n  energy
p d e n s i ty
E Young’s modulus
S u b sc r ip ts  
c creep
t  t e r t i a r y
f  f a i l u r e
p p l a s t i c
E e l a s t i c
s s tead y  s t a t e
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1. INTRODUCTION
1.1 Background to  the  Research
The C.E.G.B, has a t o t a l  of 742 steam tu rb in e  g e n e ra t in g  s e t s  
which a re  capable of d e l iv e r in g  46,000 MW. Many of th e se  s e t s  a re  o ld ,  
sm all bu t r e l i a b l e  and th e  t re n d  i s  c o n t in u a l ly  to produce e q u a l ly  
r e l i a b l e  l a r g e r  g e n e ra t in g  s e t s  cu lm ina ting  in  the  l a t e s t  g i a n t s .  
F ig u res  1 and 2. These new s e t s ,  of which th e re  a re  a mere 16, 
c o n s t i t u t e  about ^^6th o f  the  t o t a l  g e n e ra t in g  c a p a c i ty .  By the  end 
of 1973 th ese  la rg e  ’se ts*  w i l l  produce n e a r ly  h a l f  of th e  67,000 MW 
then  a v a i l a b le .
Obviously the  f a i l u r e  of one o f  th e se  i s  o f  f a r  g r e a t e r  
importance than the  f a i l u r e  of a sm all s e t  and i t  would be com ple tely  
u n r e a l i s t i c  to assume 100% r e l i a b i l i t y .  Furtherm ore th e  expec ted  l i f e  
i s  a q u a n t i ty  which needs to  be known to  enab le  th e  B oard’s c a p i t a l  
investm ent programme to  be form ulated  i n t e l l i g e n t l y  and in  such a 
manner t h a t  fu tu r e  demands can be met.
Thus the  expected l i f e  as a whole and the  i n t e g r i t y  of i t s  
in d iv id u a l  components i s  now, more than  e v e r ,  a major cause f o r  concern 
in  the  Board. The j u s t i f i c a t i o n  fo r  t h i s  concern i s  t h a t  th e  la rg e  
g en e ra to rs  cannot be regarded  simply as p h y s ic a l ly  l a r g e r  s in c e  t h i s  
would imply a s t r a ig h t fo rw a rd  assessm ent of importance based  on th e  
s iz e  f a c t o r .  In  pure economic terms t h i s  i s  v a l id  b u t hand in  hand 
w ith  in c re a s in g  s iz e  goes in c re a s in g  tem p era tu re .  From th e  s ta n d p o in t  
of m a te r ia l  behav iour the  most s i g n i f i c a n t  change in  design  param eter  
i s  no t in  s iz e  bu t in  the  steam tem pera tu res  a t  the  tu r b in e  i n l e t  of 
565°C compared to  the  previous tem pera tu res  o f  450°C o r  l e s s .  Thus 
the  p o s s ib le  deform ation modes o f  the  Cr.Mo.V. type s t e e l s  used now 
inc lude  those dependent upon s e l f - d i f f u s i o n  and a f r e s h  approach i s  
req u ire d  to  p re d ic t in g  th e  s e rv ic e  behav iour of these  m a t e r i a l s .














FIGURE 2 500 MW TURBINE ROTOR AND CASING
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P a r t  of the  re sea rc h  e f f o r t  i s  th e re fo re  d i r e c te d  towards p r e d ic t in g  
s e r v ic e  behav iour which i s  a complex problem s o lu b le  l a r g e ly  by computer 
programs s in ce  the  la rg e  s e t s  a re ,  i t  i s  hoped, s t i l l  in  the  e a r ly  p a r t  
o f t h e i r  l iv e s  and running experience  i s  l im i t e d .
The s t r e s s  a n a ly s ts  a re  o b lig ed  to  make many assumptions when 
a t tem p tin g  th e se  p re d ic t io n s  which a re  based on l im i te d  tem pera tu re  
and s t r e s s / s t r a i n  d a ta .  Computation of the  s t r e s s / s t r a i n  p a t t e r n s  in  
non-axysymmetric components such as cas ings  and even axysymmetric 
p a r t s  such as r o to r s  poses severe  a n a l y t i c a l  problems because of the  
d e a r th  of o p e ra t in g  d a ta .
The m a te r ia l s  s c i e n t i s t  can p lay  a v i t a l  r o le  in  th ese  
c ircum stances by examining some of the  assumptions which a re  made. In  
gen e ra l  t h i s  type of work f a l l s  in to  the  ca teg o ry  of cum ulative damage 
and m a te r ia l s  behav iour ,  a wide s u b je c t  and one which has been 
approached in  many ways by a g re a t  many peo p le .  The outcome of t h i s  
work i s  th a t  th e re  a re  a m u lt i tu d e  o f  e m p ir ic a l  laws which a re  of use 
in  a l im i te d  way and a wide v a r i e t y  of papers  d e sc r ib in g  the  r e s u l t s  
of s p e c i f i c  t e s t s .  As ye t th e re  i s  no r e l i a b l e  way of summing damage 
such as creep p lus f a t ig u e  p lus  ho ld  times in  u n ia x ia l  l e t  a lone 
m u l t i a x ia l  regim es.
The work desc ribed  in  t h i s  th e s i s  was designed to  g ive  in fo rm atio n  
on q u i te  small bu t im portan t f a c e t s  of cum ulative  damage to  a id  the  
s t r e s s  a n a ly s t .
1 .2  Obj e c t iv e s
The o b je c t iv e s  a re  fo u r fo ld  and may be sim ply s t a t e d  thus :
1. to  t e s t  the  equ ivalence  of p l a s t i c  s t r a i n  and creep s t r a i n ,
2. to  examine the  e f f e c t  of load ing  r a t e  on creep behav iour ,
3. to  d e f in e  the  cause (s)  of any load ing  r a t e  dependence of creep 
behav iou r ,  and
—  7 —
4. to  pu t the  r e s u l t s  of t h i s  re sea rc h  in to  th e  form most l i k e l y  to
a id  design  and s e r v ic e  behav iour p re d ic t io n s  p e r t i n e n t  to  commercial 
a p p l ic a t io n s  of ICr.Mo.V. s t e e l .
1 ,3  S e le c t io n  of the  Experim ental Method 
I n i t i a l l y  t h i s  was no t the  choice of the  au tho r  s in ce  th e  
q u es t io n  "Are p l a s t i c  s t r a i n  and creep s t r a i n  e q u iv a le n t? "  had a l re a d y  
been posed and the  creep machine and a s s o c ia te d  h y d ra u l ic s  was a l re a d y  
in  e x is te n c e .
The a u th o r ’s f i r s t  ta sk  was to  commission th e  machine u s in g  
e x i s t i n g  specimens. O r ig in a l ly  the  h y d ra u l ic  ram connected to  the  
specimen s t r i n g e r  (d e sc r ib ed  in  2 .2 )  was c o n t ro l le d  and programmed by 
a m e c h a n o -e le c t r ic a l  analogue d ev ice .  During commissioning th e  c o n tro l  
mechanism fo r  the  h y d ra u l ic s  was rep laced  by a t o t a l l y  e l e c t r i c a l  
system, d esc ribed  in  Appendix 1. The param eters  o f  t h i s  u n i t  were 
de f ined  by problems a s s o c ia te d  w ith  the  r i g  and w ith  f l e x i b i l i t y  of 
c o n t ro l .
N e v e r th e le s s ,  th e  b a s ic  system o f a creep machine capable of
be ing  used as a s o p h i s t i c a te d  t e n s i l e  t e s t i n g  machine was q u i te
lo g ic a l  and i t  i s  no t  easy to  th in k  o f an e q u a l ly  e f f e c t i v e
a l t e r n a t i v e  system.
The s e le c t io n  of 550°C as the  t e s t  tem peratu re  was r e a l i s t i c  s in c e
i t  approximated to  th e  h ig h e s t  o p e ra t in g  tem pera tu res  o f  g e n e ra t in g
p la n t .  This leads  to  h ig h e r  and th e re fo re  more v i a b l e  la b o ra to ry  creep
2r a t e s  commensurate w i th  p r a c t i c a l  c o n d i t io n s .  The cho ice  of 270 N/mm
as the  s t r e s s  fo r  the  p r e ^ s t r a in  t e s t s  and f o r  th e  upper l im i t  of
s t r e s s  in  the  loading  r a t e  t e s t s ,  was simply to keep t e s t  times as
s h o r t  as p o s s ib le .  Prev ious  work by Myers (1968)^^^^ had shown th a t
r e s u l t s  could be e x t ra p o la te d  w ith  confidence down to  the  upper l im i t
2of p la n t  s t r e s s e s  a t  about 120 N/mm . Thus i t  was conside red  t h a t  th e
— 8 —
use of h igh s t r e s s  was j u s t i f i e d  s in ce  only one creep machine was 
a v a i l a b le  fo r  th e se  t e s t s .
When the  load ing  r a t e  t e s t s  were i n i t i a t e d  i t  was decided  to  
use  the  same tem pera tu re  and to  use a range of s t r e s s e s  from th a t  
used f o r  p r e - s t r a i n  to  upper p la n t  s t r e s s e s .  The aim was to  be 
a b le  to  c o r r e l a t e  b o th  s e t s  of t e s t s  and tp  l i n k  up w ith  p la n t  
c o n d i t io n s .  The m o d if ic a t io n s  c a r r ie d  out on the  r i g  during  s e r v ic e  
were a l l  designed to  n u l l i f y  s p e c i f i c  problems o r to  answer s p e c i f i c  
q u e s t io n s .  Examples a re  th e  tem peratu re  compensation of th e  
ex tensom etry  to  n u l l i f y  ambient tem pera tu re  changes and e l e c t r o n i c  
m o d if ic a t io n s  to smooth th e  ram o p e ra t io n .
1 .4  Some Aspects of the  M ic r o s t r u c tu r a l  Dependence of Creep 
Rate
1 .4 .1  General
The e f f e c t  of p r e - s t r a i n  and p r e - s t r a i n  r a t e  upon creep  r a t e  i s  
not a d i s c r e t e  one b u t r a t h e r  a m a n i f e s ta t io n  of much w ider 
in f lu e n c e s .
The creep r a t e  a t  tem peratu res  from 0 .4  to  0 .9  Tm may be 
de sc r ib ed  by an e x p re ss io n  such as é = f  (o) . f  (T) . f  (S) where a and T 
have th e  usual meaning and f(S ) i s  a fu n c t io n  of s t r u c t u r e .  Taking 
th e se  fu n c t io n s  i n d iv id u a l ly  th e  f i r s t  two a re  ad equa te ly  d e sc r ib ed  by 
th e  exp ress ions
é = C.cr^ (1)
and c = A .e"0 /^^  (2)
where A and C a re  c o n s ta n ts .  The unknowns in  each of th e se  eq u a tio n s  
a re  r e a d i ly  ob ta ined  by co n v er t in g  them in to  th e  s tan d a rd  y = mx + c 
form by tak in g  logs o r  p l o t t i n g  on lo g - lo g  axes . Thus s tan d a rd  creep 
d a ta  over a range of s t r e s s e s  and tem pera tu res  p rov ide  a l l  th e
— 9 —
in fo rm a tio n  necessa ry  to o b ta in  th e  dependence o f  creep r a t e  on th e se  
p a ra m e te rs .
However no ex p ress io n  d e sc r ib e s  the  o v e r a l l  dependence of creep 
r a t e  upon th e  s t r u c t u r e .  Attempts have been made to  f i t  eq ua tions  to  
s t r u c t u r a l  param eters  b u t th ese  have l im i te d  scope and a p p l i c a t io n .
In  p r a c t i c e  i t  i s  r a r e  to  have an eng in ee rin g  m a te r ia l  in  which th e  
second phase , p r e c i p i t a t e ,  s o lu te  e t c .  have p r e d ic t a b l e  form, spac ing  
and d i s t r i b u t i o n .  Add g r a in s iz e ,  su b g ra in  s i z e ,  d i s lo c a t io n  d e n s i ty  
to  th e se  v a r i a b le s  and the  reasons f o r  la rg e  to le ra n c e s  and s a f e ty  
f a c to r s  a re  no t hard to  env isage . The s t e e l  used in  th e  t e s t s  
d e sc r ib ed  in  t h i s  t h e s i s  i s  re c e iv in g  a g re a t  d e a l  o f  a t t e n t i o n  from 
b o th  m anufacturers  and u se rs  a l l  over the  world  because of i t s  v a r i a b l e  
p r o p e r t i e s .  Commercially i t  i s  a t t r a c t i v e  b u t  p r o p e r t i e s  va ry  v e ry  
w idely  even though more and more s t r i n g e n t  s p e c i f i c a t i o n s  a re  evo lved . 
In  a la rg e  tu rb in e  r o to r  the  s t r u c t u r e  can v a ry  from f e r r i t e / p e a r l i t e  
r i g h t  th rough  the  range of b a i n i t e s ,  th e  range of creep p r o p e r t i e s  i s  
shown in  F ig u re  3. Even i f  one s t r u c t u r e  i s  t e s t e d  the  r e s u l t s  of 
creep t e s t s  may have a wide sp read .  F igu re  4 shows a s e t  of r e s u l t s  
ob ta in ed  from one b a tch  of m a te r ia l  t e s t e d  by th r e e  t e s t  houses of 
r e p u te ,  th e  v a r i a t i o n  i s  immediately ap p a ren t .  The e f f e c t  of v a ry in g  
th e  s t r u c t u r e  by t e s t i n g  d i f f e r e n t  ba tches  from d i f f e r i n g  p ro d u c tio n  
ro u te s  w i l l  be to  magnify th e se  ’e r r o r s ’ . The s t r e s s  a n a ly s t  faced  
w ith  the  problem of p r e d ic t in g  the  l i f e  of a component must th e r e f o r e  
use r e s u l t s  from the  l im i t s  of r e l i a b l e  d a ta .  This may w ell  produce 
w idely  d i f f e r i n g  p re d ic t io n s  b u t a t  p re s e n t  such a s t a t e  of a f f a i r s  
must be accepted  and no t igno red . I f  i t  i s  commercially w orthw hile  
to  p r e d ic t  th e  l i f e  of components then  i t  fo llow s th a t  p r e d ic ta b l e  
m ic ro s t ru c tu re s  a re  d e s i r a b le  and th e  c o s t  o f  (a) und e rs tan d in g  and 
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A g re a t  d ea l of work has been completed in  re c e n t  years  which is  
le a d in g  to  an unde rs tan d in g  of the  r o l e  of s t r u c t u r e  in  c re ep .  Some 
approaches examine the  mechanisms in  g e n e ra l ,  o th e rs  i n v e s t i g a t e  th e  
param eters  r e le v a n t  to  s p e c i f i c  m a te r i a l s .  However, most re s e a rc h e s  
have un d e rly in g  common themes such as reco v ery ,  g ra in  boundary movements 
and the  r o le  of d i f f u s io n .  An a p p re c ia t io n  of f a c e ts  such as th e se  i s  
e s s e n t i a l  in  de term ining  th e  cau se (s)  o f  th e  p r e - s t r a i n  and p r e - s t r a i n  
r a t e  e f f e c t s  d iscussed  in  l a t e r  s e c t io n s  s in c e  creep behav iour i s  
d i r e c t l y  dependent on them. In  the  fo llow ing  s u b -se c t io n s  on ly  those  
a sp e c ts  p e r t i n e n t  to th e  l a t e r  s e c t io n s  w i l l  be d is c u s s e d .
1 .4 .2  Rate c o n t r o l l in g  f a c to r s
The Bailey-Orowan r e la t io n s h ip  é = r / h  (where r  i s  th e  reco v ery  
r a t e  and h the  work harden ing  c o e f f i c i e n t )  i s  w ide ly  accep ted  as a sim ple  
b u t  g e n e ra l ly  a c c u ra te  s ta tem en t of the  r e l a t i o n s h ip  between th e  major 
param eters  in  c reep . M itra  and McLean (1967)^^^^, u s in g  s t r e s s  
re d u c t io n  t e s t s ,  showed t h a t  t h i s  r e l a t i o n s h ip  h e ld  f o r  secondary  creep  
r a t e s  in  n ic k e l  and aluminium. A f e a tu r e  of t h i s  work was t h a t  having  
e s ta b l i s h e d  a s u b -g ra in  s i z e  and d i s lo c a t io n  d e n s i ty  p ro p o r t io n a l  to th e  
i n i t i a l  s t r e s s  a s t r e s s  re d u c t io n  r e s u l t e d  in  a tendency to  n e g a t iv e  
creep  r a t e s .  This a r i s e s  no t on ly , as h e re ,  because of a s t r e s s  
r e d u c t io n  b u t in  o th e r  types of t e s t  as w e ll  where a s t r u c t u r e  has been 
e s ta b l i s h e d  by p r io r  workhardening. The reason  in  bo th  types i s  t h a t  
th e  s u b - s t r u c tu r e  has a sm a l le r  su b -g ra in  s iz e  and g r e a t e r  d i s lo c a t io n  
d e n s i ty  than  would have a r i s e n  under co n s ta n t  load c o n d it io n s  hence 
recovery  must occur. This i s  a lo g a r i th m ic  p rocess  and under creep  
c o n d it io n s  i t  i s  u n l ik e ly  th a t  i t  w i l l  ever proceed to  com ple tion . In  
f a c t  in  t h e i r  case  recovery  was ve ry  l im i t e d ,  r e s u l t i n g  in  a lower creep  
r a t e  than would have been achieved w ith  c o n s ta n t  load c o n d i t io n s .  The 
in v e rse  r e l a t io n s h ip  between su b -g ra in  s iz e  and workhardening has a lso  
been d esc rib ed  by Ham (1967)^^^^ and Hodgson (1967, 1968)^^^^^^^^ in
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o th e r  reg im es. Sidey and W ilsh ire  (1969)^^^^ have a lso  re p o r te d  work
on the  Bailey-Orowan r e l a t i o n s h i p .  In  t h i s  case two a l lo y s  were used ,
one was Ni.20%Cr. and the  o th e r  Nimonic 80A.
> Ni.20%Cr., obeyed the  r e l a t i o n s h ip  b u t co n f irm a tio n  was not
r e a d i l y  ob ta in ed  fo r  Nimonic 80A. The im p l ic a t io n  i s  n e v e r th e le s s
th a t  th e  r e l a t io n s h ip  h o ld s .  They a lso  deduce th a t  th e  h igh  creep
r e s i s t a n c e  of th e  complex Nimonic a l lo y  i s  due to  r e t a r d a t i o n  of
recovery  by the  Ni^ (Al, Ti) p r e c i p i t a t e .
The r o le  of p r e c i p i t a t e s  i s  a major one in  creep r e s i s t a n t
a l lo y s  and d ese rved ly  re c e iv e s  a l o t  o f  a t t e n t i o n .  Many in v e s t ig a to r s
a re  concerned w ith  the  form and type of p r e c i p i t a t e ,  o f te n  complex,
and th e  c o n d it io n s  of n u c lé a t io n  and growth. This approach i s  e s s e n t i a l
in  o rd e r  to  unders tand  th e  behaviour of a p a r t i c u l a r  m a te r ia l  o r  fam ily
of m a te r ia l s  in  the  l i g h t  of t h e o r e t i c a l  c o n s id e ra t io n s  of th e  e f f e c t
of p a r t i c l e  spacing  and s i z e  upon creep p r o p e r t i e s .  Some au tho rs  such
( 22)as G arafa lo  e t  a l .  (1961) d e sc r ib e  the  dependence of secondary
creep  s t r a i n  in  an a u s t e n i t i c  s t e e l  as due to  gra inboundary  ca rb id es
r e s i s t i n g  m ig ra t io n  of th e  b o undaries .  This i s  a g en e ra l  e f f e c t  in
such  s t e e l s  and in  s o p h i s t i c a te d  a l lo y s  such as th e  Nimonic s e r i e s .
In  the  l a t t e r  a l lo y s  th e re  i s  a much g r e a te r  e f f e c t  from m a tr ix
p r e c i p i t a t e s  such t h a t  to g e th e r  w ith  th e  more m assive ca rb id es  e x i s t s
th e  f in e  d is p e r s io n  of Ni^ (T i ,  Al) wbich im parts  the  m ajor p ro p o r t io n
of th e  creep s t r e n g th .  In  th e  ICr.Mo.V. s t e e l s  th e  r o le  of th e
Ni^ (T i ,  Al) i s  taken  by vanadium ca rb id e  commonly re p o r te d  as V^C^.
The c a rb id es  in  t h i s  s t e e l  a re  v a r ie d  and complex, most a re  s t a b l e
and p r e c i p i t a t e  during  t ra n s fo rm a t io n  on th e  y g ra in  b o u n d a r ie s .  Some
confusion  e x i s t s  as to  th e  exact s tag e  a t  which V C  is  formed. Norton ̂ X y
and S trang  ( 1 9 6 9 ) ,  Murphy and Branch ( 1 9 6 9 ) ,  Bates and R idal
( 1 9 6 3 ) and Prnka ( 1 9 6 9 ) s t a t e  th a t  i t  forms during
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t ra n s fo rm a t io n  and no t du ring  tem pering; Jusko and Gut (1966)
(32)Goldhoff and B e a t t i e  (1965) , r e p o r t  p r e c i p i t a t i o n  of t h i s  and
(9)o th e r  c a rb id es  during  c reep .  Buchi e t  a l .  (1965) a lso  c la im
t h a t  vanadium c a rb id e  i s  formed during  t ra n s fo rm a t io n  b u t only  in
th e  upper knee of th e  CCT diagram a t  th e  y-a  in t e r f a c e  -  they  do add
however t h a t  copious FeC^ su p p resses  V^C fo rm ation . Myers e t  a l .
(55)(1968). r e p o r t in g  on creep  behav iour of th e  m a te r ia l  in  th e  
m a r t e n s i t i c ,  b a i n i t i c  and p e a r l i t i c  c o n d i t io n  in d ic a te d  a b e l i e f  
t h a t  forms a t  h ig h  tem p era tu res  and i s  s t a b l e  during  sh o r t  term
t e s t s .  A ll  of th e se  workers excep t Myers e t  a l . ,  ag ree  t h a t  i t  i s  
th e  d is p e r s io n  of vanadium c a rb id e  th a t  determ ines th e  creep s t r e n g th .  
Myers e t  a l .  found a h ig h  a c t i v a t i o n  energy (95 kcal/m ol)  f o r  the  
m a te r ia l  under creep c o n d i t io n s  above s t r e s s  le v e l s  of 2 t s i .  W hils t 
they  agree  w ith  the  o th e r  workers t h a t  spac ing  and creep s t r e n g th
have an in v e rse  r e l a t i o n s h ip  they  conclude th a t  up to  t h e i r  maximum 
s t r e s s  of 18 t s i  a s o lu te  drag  model a p p l ie s .  This i s  an unexpected 
r e s u l t  on a low a l lo y  s t e e l  and i s  c o n s id e rab ly  a t  v a r ia n ce  w ith  the 
w ide ly  accep ted  models of recovery  creep based on d i f f u s io n  c o n t ro l le d  
climb and a lso  of cross  s l i p .  T he ir  r e s u l t s  were w e ll  documented and 
analysed  so th a t  the  a c t i v a t i o n  energy o b ta ined  must be assumed c o r r e c t .  
The s o lu te -d ra g  h y p o th es is  i s  w orth  co n s id e r in g  a l i t t l e  f u r t h e r .  
D iscontinuous y ie ld in g  occurs in  some vanadium c o n ta in in g  a s t e e l s  and 
some niobium co n ta in in g  y s t e e l s  a t  lower tem p era tu res .  The p roposa l 
i s  th a t  th e re  i s  an i n t e r a c t i o n  between th e se  elem ents and d i s lo c a t io n s  
f o r  which a model was d e r iv ed  by R usse l e t  a l . (1968) . P inn ing  of
d i s lo c a t io n s  in  the  ICr.Mo.V. s t e e l  i s  considered  to  be due to  carbon/ 
vanadium p a i r s .  Obviously t h i s  r e l i e s  markedly upon the  d i f f u s io n  of 
vanadium and t h i s  i s  p o s s ib le  s in c e  the  va lue  of 60 kcal/m ol i s  
fav o u ra b le .  The p roposa l beg ins  to  b reak  down a t  h igh  s t r a i n  r a t e s ,  as
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might be expected , s in ce  re -p in n in g  of d i s lo c a t io n s  i s  dependent upon
the  vanadium m ig ra t io n  r a t e .  Other work which lends credence to  the
(32)concept of ’s o l u t e '  p inn ing  i s  t h a t  of Goldhoff and B e a t t i e  (1965) 
in  which they  c a lc u la te  t h a t  the  d i f f u s io n  v e lo c i ty  of molybdenum in  
a i ro n  i s  h ig h  enough a t  low creep r a t e s  to  account f o r  th e  
p r e c i p i t a t i o n  of Mo^C on d i s lo c a t io n s  in  ICr.Mo.V. s t e e l s .  The 
p ro p o sa l  h e re  i s  th a t  th e  d u c t i l i t y  trough  experienced  a t  secondary  
creep  r a t e s  of ^ 10 ^ cm/cm/hr may be exp la in ed  by MOgC p in n ing  of 
d i s lo c a t io n s .  The c a lc u la te d  d i f f u s io n  v e l o c i t y  of molybdenum was an 
o rd e r  h ig h e r  than  t h a t  of the  d i s lo c a t io n s .  The cho ice  of th e  s o lu te  
drag model of Myers e t  a l .  was prompted by the  r e j e c t i o n  of th e  recovery  
model due to  sm all i n t e r - p a r t i c l e  spac ing  and the  h igh  a c t i v a t i o n  
energy fo r  c reep . I t  i s  p e r t i n e n t  to  q u es t io n  the  re lev an ce  of t h e i r  
method f o r  c a lc u la t in g  i n t e r - p a r t i c l e  sp ac in g .  The use of p la n a r  a n a ly s is  
Based on an a rea  count i s  not n e c e s s a r i ly  th e  b e s t ,  p a r t i c u l a r l y  when 
the  ca rb id es  a re  of v a r i a b le  s i z e .  Assuming s p h e r i c i t y  i s  something 
th a t  has to  be r e s o r te d  to  in  th e  c ircum stances  because of th e  shape 
com plexity  b u t  a v o lu m etr ic  assessm ent may w e ll  have r e s u l t e d  in  a 
sm a l le r  spacing  v a lu e .  From the work of Prnka ( 1 9 6 9 ) and h i s  
review of p a r t i c l e  spacing  computing methods, th e  v a lu e  of spac ing  
quoted by Myers may be too b ig  by X/d where X i s  the  spac ing  and d th e  
p a r t i c l e  d iam eter , Westmacott e t  a l .  (1966)^^^^. H irschorn  and 
A nse ll  (1965)^^^^ s t a t e  a p re fe ren ce  fo r  a v o lu m e tr ic  a n a ly s is  and 
Kocks ( 1 9 6 6 ) c r i t i c i s e s  the  simple models p o in t in g  out t h a t  e r r o r s  
of 20% can a r i s e  in  many c a se s .  Prnka compared v o lu m etr ic  and p la n a r  
methods d i r e c t l y  and a s  shown by F igu re  5 th e re  i s  a t  l e a s t  a 20% 
d i f f e r e n c e .  Since P rn k a ’s m a te r ia l  i s  v e ry  s im i la r  to  M yers’ t h i s  i s  
a v a l id  p o in t .  I t  i s  ve ry  easy to  u n w i t t in g ly  dogmatise when d e a l in g  
w ith  a param eter such as s t r u c tu r e  under th e se  c ircum stances .
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U n fo r tu n a te ly ,  once a d e c is io n  to  accep t  one assumption as opposed to 
an o th er  i s  made i t  o f te n  becomes n ecessa ry  to  b u i ld  upon th i s  as though 
i t  were f a c t .  In  t h i s  way, from i d e n t i c a l  b a s ic  in fo rm a t io n ,  d i f f e r i n g  
an a ly se s  can a r i s e  le ad in g  to q u i te  d i f f e r e n t  c o n c lu s io n s .  In  t h i s  
case  i t  s t re n g th e n s  Myers* i n i t i a l  argument th a t  the  s t r e s s  to  bow 
d i s lo c a t io n s  between p a r t i c l e s  was h ig h e r  than  th e  a p p lied  s t r e s s .
The d ep a r tu re  from recovery  creep mechanisms in  Myers' work i s  
unusual and should no t l e t  a t t e n t i o n  be drawn away from th e  importance 
of t h i s  a sp ec t  of creep r a t e  dependence. The f a c t  t h a t  a t  s t r e s s e s  up 
to  18 t s i ,  which i s  h igh  f o r  o p e ra t io n a l  s t r e s s e s  in  t h i s  m a te r i a l ,  
the  a c t i v a t i o n  energy fo r  creep remained a t  95 kcal/m ol i s  a lso  
unusua l.  A much more common va lu e  i s  in  the  reg io n  of 60 kcal/m ol 
which corresponds to  the  va lu e  fo r  the  d i f f u s io n  o f vacanc ies  and i s  
quoted f o r  recovery  c reep .
I t  has a lread y  been s t a t e d  t h a t  d i s lo c a t io n  i n t e r a c t i o n  w ith  
’d e f e c t s ' ,  such as p r e c i p i t a t e s ,  im parts  creep s t r e n g th  and th a t  s t r e n g th  
i s  in v e r s e ly  p ro p o r t io n a l  to  th e  d e f e c t - d e f e c t  sp ac in g . Commonly, the  
type of d e fe c ts  im parting  s t r e n g th  a re  carb ides  and second phase 
p a r t i c l e s .  These a re  r e l a t i v e l y  easy to  c o n tro l  in  terms o f s iz e  and 
d i s t r i b u t i o n  and the  normal assessm ent of t h e i r  r o l e  i s  to  fo rce  
d i s lo c a t io n s  e i t h e r  to  bow between and leave  loops o r  to  p reven t 
bowing lead ing  to  c r o s s - s l i p ,  climb or c u t t in g  of p a r t i c l e s .  Another 
type of d e fe c t  i s  simply the  d i s lo c a t io n .  McLean (1968)^^^^ p o in ts  
out t h a t  a f in e  d i s lo c a t io n  network i s  the  only  g l id e  r e s i s t a n c e  which 
i s  v i r t u a l l y  u n a ffe c ted  by tem pera tu re . The e l a s t i c  i n t e r a c t i o n  between 
d i s lo c a t io n s  i s  c e r t a in l y  a ve ry  e f f e c t iv e  means of s t re n g th e n in g  bu t 
as McLean remarks, m a in ta in in g  a s t a b l e  network i s  d i f f i c u l t .  The r a t e  
c o n t r o l l in g  mechanism in  creep th e re fo re  c o n tro ls  the  frequency  w ith  
which d i s lo c a t io n s  a re  r e le a s e d  from p inning  p o s i t i o n s .  Or in  th e  case  of
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d i s l o c a t i o n / d i s l o c a t i o n  i n t e r a c t i o n  the  r a t e  a t  which jogs  a re  
p e rm it te d  to  climb o r  run out to  the  ends o f  d i s lo c a t io n  segm ents. In  
reco v ery  the  r a t e  c o n t r o l l in g  f a c to r  i s  the  vacancy f l u x  which appears 
in  th e  s tea d y  s t a t e  creep r a t e  equ a tio n  as D, v iz
i  = Aa^ D (3)s
where D i s  the  d i f f u s io n  c o e f f i c i e n t  and A, n a re  c o n s ta n ts .  U sua lly  
D i s  in c luded  in  the  s in g le  co n s ta n t  of p r o p o r t io n a l i t y .  McLean
(1966)^^^^ d iscu sses  s te a d y  s t a t e  creep and emphasises th e  t r i ­
d im e n s io n a l i ty  of d i s lo c a t io n  networks when co n s id e r in g  th e  opposing 
mechanisms of recovery  and harden ing . Also d iscu ssed  i s  th e  
inhomogeneity of defo rm ation , in  p r a c t i c e  s l i p  occurs spasm od ica lly  bu t 
a t  a la rg e  number of p o in ts  g iv in g  th e  o v e r a l l  im pression  of homogeneity. 
Thus the  creep r a t e s  experienced  in  the  m a jo r i ty  of en g in ee r in g  
m a te r ia l s  depend d i r e c t l y  upon recovery  mechanisms and in v e r s e ly  upon 
th o se  f a c to r s  which impede recovery .
1 .4 .3  Creep f a i l u r e
There a re  two main ways of approaching t h i s  to p i c ,  one from a 
m ech an is t ic  a sp ec t  and the  o th e r  from an e m p ir ic a l  a sp e c t .  
M e c h a n is t ic a l ly  i t  i s  s a t i s f y i n g  to  be a b le  to  d e f in e  the  p rocess  o r  
p ro cesses  lead ing  to f a i l u r e .  In  g en e ra l  such d a ta  a re  n o t d i r e c t l y  
a p p l ic a b le  to  e i t h e r  en g in ee rin g  design  or s e r v ic e  behav iour p re d ic t io n s .  
In  the  long term , work to  d e f in e  f a i l u r e  mechanisms may en ab le  the  
p roducer and f a b r i c a to r  to  market a m a te r ia l  w ith  a more p r e d ic ta b l e  
b ehav iou r .  Hence such re s e a rc h  must l o g i c a l l y  be j u s t i f i e d  and in  some 
a re a s  has a lre a d y  been p r a c t i c a l l y  v in d ic a te d .  One such in s ta n c e  i s  the 
modifying of th e  com position and h ea t  t re a tm e n ts  of ICr.Mo.V. s t e e l  fo r  
use in  steam tu r b in e s .  These m o d if ic a t io n s  have n o t ,  i t  i s  t r u e ,  
a r i s e n  from a s tudy of f a i l u r e  b u t  o f  the  g en era l  creep p rocess  in  t h i s
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m a te r i a l  and have led  to  a r e t a r d a t i o n  of t h i s  p rocess  and hence , 
f a i l u r e .  The c o n s id e ra t io n  of f a i l u r e  as an e n t i t y  i s  a m is take  which 
w i l l  be d iscu ssed  l a t e r .
E m p ir ic a l ly ,  creep d a ta  can be  t r e a t e d  to  g ive ex p ress io n s  
r e l a t i n g  s t r e s s ,  tem p era tu re ,  creep  r a t e ,  t o t a l  s t r a i n  and the  time 
to  reach  a p a r t i c u l a r  s ta g e  of c re e p .  I t  i s  v e ry  d i f f i c u l t  to  g ive 
s c i e n t i f i c  reasons fo r  th e  success  of such ex p re ss io n s  b u t  th e  eng inee r  
asks f o r  l i t t l e  more than a q u a n t i t a t i v e  e x p re ss io n  which f i t s  the  
m a te r ia l  he i s  c o n s id e r in g .  There i s  ample j u s t i f i c a t i o n  f o r  u s ing
th e se  exp ress ions  b u t  the  l i m i t a t i o n s  a re  n o t  always a p p re c ia te d .
(72)
Woodford (1969) s u c c e s s f u l ly  dem onstra tes  t h i s  and shows th a t  a t  
low s t r e s s  the  index i s  n o t u n i ty ,  as o f te n  s t a t e d ,  because the  creep 
s t r a i n  r a t e s  measured a re  r a r e l y  minima. They should  be taken  a t  
co n s tan t  s t r a i n s  fo r  a l l  s t r e s s e s  i f  the  complete t e s t  curve i s  no t 
a v a i l a b l e .  R ep rese n ta t iv e  ' n '  v a lu es  w i l l  on ly  be o b ta in ed  a t  c o n s tan t  
s t r u c t u r e .  Eor c o n s tan t  s t r e s s  t e s t s  th e  s t r a i n  r a t e  must be  measured 
a t  c o n s ta n t  s t r a i n  and in  c o n s ta n t  load  t e s t s  on ly  a f t e r  the  minimum 
creep  r a t e  i s  known to  have been reached . Woodford’s a n a ly s is  i s
shown to  be v ia b le  fo r  long term ICr.Mo.V. t e s t s  by M arshall (1970)^^^^
and dem onstrates the  danger of examining l i n e a r  p lo t s  of e v s .  t  and, 
when the  creep r a t e  a p p a re n t ly  becomes l i n e a r ,  assuming th a t  secondary 
c reep  has commenced. T es ts  on t h i s  s t e e l  show t h a t  a t  low s t r e s s e s  the
creep r a t e  may be a prim ary r a t e  fo r  ex trem ely  long tim es , c e r t a i n l y  up
to  f iv e  years  a t  some o p e ra t in g  c o n d i t io n s .
Many exp ress ions  have been d e riv ed  to  l in k  th e  v a rio u s  creep 
pa ram ete rs .  One of the  most s t r a ig h t fo rw a rd  of th e se ,  used by Monkman 
and Grant (1956) and d iscu ssed  a t  len g th  by G arafa lo  (1965) i s
(ê^ X t^ )  = c o n s ta n t  = K (4)
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I t  was a p p a re n t ly  f i r s t  recogn ised  about f o r t y  years  ago by 
H .J .  French and has r e c e n t ly  been used f r e q u e n t ly .  The o r ig in s  of 
t h i s  ex p re ss io n  l i e  w ith  th e  b a s ic  creep curve and a re  e a s i e r  to  
v i s u a l i s e  than exp ress io n s  and param eters  based on s t r e s s - r u p t u r e  
d a ta .  F ig u re  6, e s s e n t i a l l y  th a t  given by G a ra fa lo ,  i s  th e  b a s i s  of 
the  ex p re ss io n .  In s p e c t io n  shows th a t
,  = ^
and i f  (e^ -  e^) i s  e s s e n t i a l l y  c o n s tan t  w ith  s t r e s s  then  eq u a tio n  (5) 
h o ld s .  Equation  (4) i s  somewhat r i g i d  however and both  M arshall 
(1970)^^^^ and the  au th o r  have shown th a t  th e  s lope  o f  -  1 p re d ic te d  
by the  equation  i s  no t n e c e s s a r i ly  found in  p r a c t i c e .  I t  i s  suggested  
th a t
Ce™ X t^ )  = K (6)
i s  more s a t i s f a c t o r y .
Most au thors  p l o t  log t -̂ v s .  log c™ and in  the  form
log  t^  = K -  m log (7)
the  va lu e  of m i s  found to  be between -  0 .8  and -  1 fo r  th e  low a l lo y
Cr.Mo. s t e e l s  in  g e n e ra l .  Often th e  term t^ i s  rep laced  by t^  and 
e q u a l ly  good f i t s  a re  o b ta in ed .
By us ing  d i f f e r e n t  p o r t io n s  of F igu re  6 o th e r  r e l a t i o n s h ip s  can 
he d e riv ed  thus
t f  = A(t^ -  t ^ ) “ (8)
f o r  the  d u ra t io n  of secondary creep and
t f  = (9)
fo r  the  onse t of t e r t i a r y .  Remarkably good agreement i s  reached  f o r
(21)
these  equa tions  by G arafa lo
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The p o in t  has a l re a d y  been made th a t  the  b a s is  f o r  th ese
e q u a tio n s  i s  e a s ie r  to v i s u a l i s e  than m ost. I t  i s  a lso  t ru e  to  say
t h a t  i t  i s  e a s i e r  to  e s t a b l i s h  l in k s  between th e se  equations  and the
u n d e r ly in g  mechanisms. There a re  c o n f l i c t i n g  schoo ls  of thought on
th e  f a i l u r e  modes o p e ra t in g  in  creep and one of th e se ,  the  n u c lé a t io n
and growth of grainboundary  c a v i t i e s  by ledge fo rm ation  and g ra in -
boundary s l i d i n g ,  i s  exem plif ied  by the  work a t  U n iv e rs i ty  C o llege ,
Swansea. They f in d  t h a t  s e v e ra l  n ic k e l  a l lo y s  and pure n ic k e l  obey
th e se  r e l a t i o n s h i p s .  Some of t h e i r  work and t h a t  o f  the  opposing
school w i l l  be d iscu ssed  l a t e r  bu t  re fe re n c e s  r e le v a n t  to  the  p re s e n t
f 18)to p ic  a re  Davies and W ilsh ire  (1968) fo r  a n ic k e l  0.1% pa llad ium
(13)a l l o y ,  Davies e t  a l .  (1961) on a n ic k e l  0.1% gold a l lo y ,  Davies
/I  / \ •
e t  a l .  (1963) on pure n ic k e l  and n ic k e l - g o ld ,  a lso  Evans and 
F i l s h i r e  (1967)^^^^ on nickel-chrom ium .
(19)O ther r e fe re n c e s  a re  Dennison e t  a l .  (1967) , Davies e t  a l .
(1964)^^^^ and the  r e s u l t s  of Woodford (1969)^^^^ which g ive  good
agreement when f i t t e d  to  the  eq u a tio n .  These l a s t  re sea rc h es  were
made on Ni.20%Cr., Au, and s t e e l .  Thus the  r e l a t i o n s h ip  holds  fo r
pure go ld  and n ic k e l ,  d i l u t e  s o l id  s o lu t io n s ,  Ni.20%Cr. a l lo y
(Swansea work), a u s t e n i t i c  s t e e l  (G arafa lo) and low a l lo y  Cr.Mo. and
Cr.Mo.V. s t e e l s  (B erkeley  w o rk ) .
In  the  opening paragraph of t h i s  s u b -s e c t io n  i t  was in t im a ted
th a t  the  c o n s id e ra t io n  of f a i l u r e  as an e n t i t y  was a m is tak e .  Very
r a r e l y  in  h igh tem perature  regimes i s  f a i l u r e  a c a ta s t r o p h ic  o r  sudden
phenomenon, more o f te n  i t  i s  a p rocess  which o r ig i n a te s  ve ry  e a r ly  in
(37)l i f e .  Hodgson (1968) has shown th a t  in  h igh  tem p era tu re , h ig h -  
s t r a i n  f a t i g u e ,  f a i l u r e  commences a t  -v 10% of l i f e ,  R a t c l i f f e  and 
Greenwood (1965)^^^^ show t h a t  c a v i ty  growth in  creep of a Mg.Al. a l l o y  
commences v i r t u a l l y  a t  the  beg inn ing  of c reep ,  Evans and W ilsh ire
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(1967)^^^^ agree using  a d i l u t e  N i.C r .  a l lo y .  Evans and W ilsh ire  
showed th a t  a s t r e s s  independence of the  p roduct ( t^  x occurs  in  
a p r e - s t r a in e d  Ni.l%Cr. a l lo y .  They assume t h i s  to  be p roof t h a t  
n u c lé a t io n  of c a v i t i e s  i s  s p e c i f i c a l l y  by ledge fo rm ation . I t  can 
c e r t a i n l y  be accepted  t h a t  n u c lé a t io n  occurs e a r ly  in  l i f e ,  du ring  
prim ary  c reep . The r e s u l t s  a lso  show t h a t  n u c lé a t io n  is  time dependent 
s in c e  ra p id  p r e - s t r a i n  a t  creep tem pera tu re  f a i l s  to  ach ieve  the  same 
e f f e c t .  Evans and W ilsh ire  are  somewhat confusing  in  t h i s  r e s p e c t  
s in c e  they  w r i t e  a t  f i r s t  of ledges forming during  i n i t i a l  e x ten s io n  
and during  prim ary c reep . Yet i f  ledge fo rm ation  i s  com ple tely  
suppressed  by p r e - s t r a i n  i t  fo llow s t h a t  they  do not form during  
in s ta n tan e o u s  e x ten s io n .  The s t r e s s  independence of the  p roduct may 
w e l l  be due to a change in  the  va lues  of ( t^ )  in  the  p r e - s t r a in e d  
c o n d i t io n  to  account f o r  th e  n u c lé a t io n  time re q u ire d .  A na lys is  of 
t h e i r  r e s u l t s  (which were no t given) might g ive  some in d ic a t io n  of th e  
time dependence of n u c lé a t io n  and w hether i t  i s  m odified  by the  sub­
g ra in  s t r u c t u r e  developed by p r e - s t r a i n .  I t  w i l l  be dem onstrated  in  
a l a t e r  s e c t io n  (1 .5 )  t h a t  th e  v a lu e  o f  (c^) may be changed a l s o .
T h e ir  r e s u l t s  a re  a lso  c r i t i c a l l y  a sse ssed  in  th e  D iscu ss io n ,  C hapter 4. 
In  c reep , f a i l u r e  i s  a s s o c ia te d  w ith  th e  n u c lé a t io n ,  growth and 
subsequent l in k in g  of vo ids  by c rack s .  The p rocess  i s  th e  s u b je c t  of a 
co n tro v e rsy  s in ce  the  o r ig i n  and development of the  vo ids i s  c laimed on 
th e  one hand to  be due to  accum ulation of vacanc ies  and on the  o th e r  
to  grainboundary s l i d i n g .  Other work combines th e  two mechanisms.
Davies, W ilsh ire  and co-workers a t  Swansea a re  the  main su p p o r te rs  
o f  the  theo ry  th a t  during  loading  and prim ary  creep the  b u lk  of c a v i t i e s  
a re  n u c le a te d .  The n u c lé a t io n  p rocess  i s  thought to  be one of s l i d i n g  
o ccu r r in g  a t  s u i t a b ly  o r ie n te d  grainboundary  ’ l e d g e s ' .  These ledges may 
be s c h e m a tic a l ly  d esc rib ed  by F igure  7 taken  from Davies and
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W illiams ( 1 9 6 9 ) t he ledge shown may only  be a few atomic spac ings
h igh  and i s  assumed to be caused by s l i p  on th e  p lane  shown. Once the
ledge i s  formed any grainboundary s l i d i n g  w i l l  give r i s e  to  decoherency 
in  the  p lan e  of the  ledge and i t  i s  b e l ie v e d  t h a t  d i s lo c a t io n s  running
in to  the  'c a v i ty *  formed w i l l  s t a b i l i s e  i t .  *Zener cracking* can then
e n la rg e  the  c a v i ty  as though i t  was a p o r t io n  of a t r i p l e  p o in t .  The 
l a s t  diagram in  the  f ig u r e  shows th e  l in k in g  up of c a v i t i e s .  Growth 
of c a v i t i e s  i s  always assumed to be due to  s l i d i n g  a t  the  g ra in b o u n d a r ie s . 
This p rocess  i s  now thought to  be achieved by d i s lo c a t io n  movement,
I s h id a  and McLean ( 1 9 6 7 ) due to  d i s lo c a t io n s  reach ing  the  boundary 
and then  c r o s s - s l ip p in g  and clim bing along the  boundary e m it t in g  
vacanc ies  and f i n a l l y  reach ing  the  c a v i ty .  I s h id a  and McLean in tro d u ce  
t h i s  p rocess  to  p a r t i a l l y  e x p la in  th e  inadequac ies  of d i f f u s io n  growth 
th eo ry  s in c e  they a re  of the  op in ion  th a t  d i s lo c a t io n s  c o n t r ib u te  
deform ation  in  the  g ra in  m a tr ix  and vacanc ies  f o r  c a v i ty  growth when 
in  the  boundary. Thus c a v i t i e s  grow a t  a r a t e  p ro p o r t io n a l  to  creep  
r a t e  and no t d i f f u s io n  r a t e .  Davies and W illiams r e f e r  to  th e  d i s ­
lo c a t io n  movement b u t  ignore  the  vacancy c o n t r ib u t io n .  They d e sc r ib e  
c a v i ty  growth as a p rocess  of d i s lo c a t io n s  e n te r in g  th e  c a v i ty  and th e  
Burgers v e c to r  component in  the  p lane  of the  boundary causing  s l i d i n g  
w h i l s t  the  component a t  r i g h t  angles to  t h i s  causes widening of the  
c a v i ty .  Growth of c a v i t i e s  s o le ly  by s l i d i n g  and d i s lo c a t io n  a c t io n  
i s  a lso  propounded by Davies and W illiams ( 1 9 6 9 ) i n which they  
perform compression t e s t s  on c a v i t a te d  copper a t  90° and 180° to  the  
s t r e s s  a x is  and f in d  th a t  c a v i t i e s  con tinue  to  grow in  th e  90°, h igh
tem perature  c o n d i t io n .  S im ila r  r e s u l t s  were o b ta ined  by Davies and 
Q  2)D utton (1966) . Conclusions were reached to  th e  e f f e c t  t h a t  t h i s
supported  a s l i d in g  growth mechanism. The re so lv ed  s t r e s s  causing  
s l i d in g  must be in f e r r e d  to  be s im i la r  to  t h a t  in  te n s io n  both  in  s ig n
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and va lu e  a t  90°. Hence had co n d it io n s  p re v io u s ly  favoured vacancy
flow along a s t r e s s  g r a d ie n t ,  c o n d i t io n s  would n o t  have changed f o r
t h i s  mechanism e i t h e r .  Furtherm ore , i t  would n o t  be unexpected t h a t
in  t h e i r  room tem peratu re  t e s t ,  again  in  compression a t  90° to  th e
t e n s i l e  s t r e s s  a x i s ,  c a v i t i e s  ceased to  grow by a vacancy mechanism.
Hence th e se  r e s u l t s  do no more than  show t h a t  compression a t  90° to
te n s io n  has a s im i la r  e f f e c t  and th a t  c a v i t i e s  grow (a) a t  e le v a te d
tem p e ra tu re ,  (b) under an ap p lied  s t r e s s .  Bowring e t  a l .  (1968)
p o in t  out t h a t  the  r a t e  of c a v i ty  growth i s  much lower in  an a l lo y
than  in  a pure  m etal even though th e  d i f f u s io n  c o e f f i c i e n t s  a re
e s s e n t i a l l y  the  same. Lower creep r a t e s  a lso  occur w ith  a l lo y
a d d i t io n s ,  which favours  s t r a i n  c o n t ro l le d  c a v i ty  growth p ro p o sa ls .
These o b se rv a tio n s  a re  v a l id  and should  be borne in  mind. In  an
e a r l i e r  paper Davies and W ilsh ire  (1965)^^^^ performed ve ry  s im i la r
t e s t s  in  o rd e r  to  contend the  vacancy growth p ro p o sa l of H ull and 
(39)Riramer (1959) . Davies c o n t r a d ic t s  the  r e s u l t s  of h is  e a r l i e r
paper in  h i s  p a p e r b u t  draws th e  same conclus ion  from both  even 
though comparable m a te r ia l s  and t e n s i l e  creep  s t r a i n s  were used. The 
creep  r a t e s  va ry  by a f a c to r  of f iv e  due to  s t r e s s  d i f f e r e n c e s .
However, s in ce  Davies e t  a l .  only  su b sc r ib e  to  one model f o r  c a v i ty  
growth i t  may be assumed th a t  th e  opposed conclus ions  would n o t be 
a sc r ib e d  to  t h i s  small v a r i a t i o n .  In  th e  1965 p a p e r c o m p r e s s i v e  
t e s t s  a t  180° f a i l  to c lo se  the  vo ids  produced in  te n s io n  and the  
conclus ion  reached i s  th a t  ’ l i t t l e  re d u c t io n  in  void s i z e  can th e re fo re  
tak e  p lace  by grainboundary s l i d in g  under compression*. In  th e  1969 
paper^^^^ compression a t  180°C to  the  t e n s i l e  s t r e s s  produced 
’e x ten s iv e  s in t e r in g  . . .  so t h a t  v e ry  few c a v i t i e s  could be d e t e c t e d ’ . 
The conclus ion  in  bo th  cases was t h a t  th e  r e s u l t s  favoured the  s l i d in g  
mechanism and disproved the  vacancy growth model.
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The 'vacancy grow th’ school was e s s e n t i a l l y  founded when H ull 
(39)and Rimmer developed t h e i r  model. This was prompted by th e  re p o r t s
of o th e r  workers whose o b se rv a tio n s  were o f v o id s ,  coalescence  of vo ids
and dem onstra t ion  of vacancy accum ulation a t  g ra inboundaries  under
creep  c o n d i t io n s .  L a te r  work which supports  t h e i r  h ypo thes is  i s  t h a t
of R a t c l i f f e  and G r e e n w o o d G i t t i n s  (1967)^^^^ and G i t t i n s  and 
(29)W illiams (1969) . The l a t t e r  work was in  a f a t i g u e  regime b u t  they
r e p o r t  t h a t  grainboundary  c a v i t i e s  in  h igh  p u r i t y  copper sh r in k  during
an n ea lin g  as i f  they were s p h e r ic a l  vo ids  e m it t in g  v a ca n c ie s .  Since
voids  produced by creep should behave in  the  same way i t  i s  a u se fu l
o b se rv a t io n  of a damage removal p ro c e ss .  R a t c l i f f e  and Greenwood
found th a t  in  a d i l u t e  magnesium-aluminium a l lo y ,  v o id  n u c lé a t io n  and
growth could be e n t i r e l y  suppressed  by imposing a h y d r o s ta t i c  p re s su re
equal to  the  creep s t r e s s .  The creep curves w ith  zero  and a p p l i e d '
h y d r o s ta t i c  p re s su re  a re  shown in  F igu re  8. T he ir  c a lc u la t io n s
showed th a t  vo id  growth could be accounted fo r  by vacancy d i f f u s io n .
(28)G i t t i n s  concluded th a t  c a v i t i e s  in  copper a re  n u c lea te d  co n tin u o u s ly
in  creep and t h a t  they  grow by vacancy d i f f u s io n .  S t a b i l i t y  i s  deemed
to be im parted by gas in  th e  v o id s .  Spe igh t and H a r r is  (1967)^^^^ and
(7)B o e t tn e r  and Robertson (1961) a lso  support  th e  growth of c a v i t i e s  
by vacancy condensa tion .
W hils t i t  may w e ll  be t ru e  th a t  th e re  a re  m a te r ia l s  which in  
p r a c t i c e  c a v i t a t e  p u re ly  by e i t h e r  s l i d in g  o r  by vacancy accum ulation 
th e re  i s  no v a l id  reason  pu t forward to  d a te  which d isp roves  a combined 
th eo ry .  Both schools  of thought have ex trem ely  c r e d ib le  f a c e t s .  I t  
would th e re fo re  be a p p ro p r ia te  to  conclude t h i s  s e c t io n  w ith  a review 
of th o se  workers who a re  more l i b e r a l  in  t h e i r  a n a ly se s .
Langdon (1968)^^^^ and P r ic e  (1968)^^^^ both  su b sc r ib e  to  the  view 
th a t  gra inboundary s l i d i n g  does occur e a r ly  in  c reep . T he ir  assessm ent
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does no t  d e p a r t  e s s e n t i a l l y  from G ibbs ' (1968)^^^^ c r i t i c a l  and
d e f i n i t i v e  tre a tm e n t  of th e  i n t e r - r e l a t i o n  between g ra in -m a tr ix
deform ation  and grainboundary  s l i d i n g .  As he p o in ts  ou t in  h is
summary, g ra inboundary  s l i d in g  must be accompanied by o th e r  g ra in
deform ation  p rocesses  i f  coherency c o n d it io n s  a re  to  be s a t i s f i e d .
Th,e model proposed by Tsliida and McLean^^^^ i s  most p e r t i n e n t  a t  t h i s
s ta g e  and as s t a t e d  e a r l i e r  they  propose t h a t  d i s lo c a t io n s  run out
from th_e m a tr ix  in to  th.e boundary. Once in  the  boundary i t  i s
proposed t h a t  th.ey move along i t ,  e m it t in g  vacanc ies  which can be
absorbed by c a v i t i e s .  Thus g ra in  deform ation  and vacanc ies  a re
c o n tr ib u te d  which can re so lv e  the  problem of e x p la in in g  why the
d i f f u s io n  r a t e  i s  n o t h igh  enough fo r  c a v i ty  growth by vacancy
' movement. C av i t ie s  th e r e f o r e  grow a t  a r a t e  p ro p o r t io n a l  to  the
creep  r a t e .  A s im i la r  h y p o th es is  i s  expounded by Thblen and Hyman
( 1 9 6 8 ) Gi t t i ns  and Williams^^^^ widen the  h y p o th es is  of 
(28)G i t t i n s  and suggest th a t  a t  high, s t r a i n  r a t e s  c a v i t i e s  are
produced by grainboundary s l i d i n g  bu t a t  low s t r a i n  r a t e s  by
support
(48)
absorb ing  v aca n c ie s .  B o e t tn e r  and Robertson (1961)^^^ a lso  su
th e  growth of c a v i t i e s  by vacancy condensa tion  w hile  McMahon (1968) 
does l i t t l e  more than quote the  opposing views and u n d e r l in e  the  
u n c e r t a i n t i e s .  This does se rv e ,  however, to  p o in t  ou t th e  la ck  of 
p ro o f  fo r  a u n i l a t e r a l  p ro c e ss .  F i n a l l y ,  Woodford (1969)^^^^^^^^ in  
a w e l l  co n tr iv e d  a n a ly s is  b r in g s  c o n s id e ra b le  w eight to  th e  h y p o th es is  
t h a t  c a v i t i e s  n u c le a te  by s l i d i n g  b u t  grow by d i f f u s io n .
There i s  no cogent reason  why grainboundary  s l i d in g  should  cease 
a f t e r  n u c lé a t io n  of c a v i t i e s  and i t  i s  h ig h ly  p robab le  t h a t  the  p rocess  
w i l l  e v e n tu a l ly  be d esc ribed  as a continuous p rocess  o f  s l i d i n g  p lus  
vacancy a b so rb t io n .  The c o n t r ib u t io n  o f  each could w e ll  depend upon 
the  r a t i o  of s t r e s s  to  tem p era tu re .  The im p l ic a t io n  being  th a t  s l i d i n g
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i s  favoured by h igh  s t r e s s  and vacancy ’c o n d en sa tio n ’ favoured  by high 
tem pera tu re  o r  low s t r e s s  and tem peratures  above ^ 0 .5  Tm.
1.5  The E f f e c t  of P r e - S t r a in  on Creep Behaviour
W illiams and L in d ley  (1969)^^^^ conclude from a review  o f  the  
l i t e r a t u r e  th a t  the  in f lu e n c e  of p r e - s t r a i n  on creep l i f e  depends on 
th e  b a lan ce  between workhardening ( s t r e n g th e n in g ,  in c re a s in g  l i f e )  and 
grainboundary  damage (weakening, dec reas in g  l i f e ) . This i s  a 
g e n e r a l i s a t i o n  of course  b u t  does in d ic a te  th e  im portan t e f f e c t s .
(ft 3)
One of the  e a r ly  papers  on t h i s  s u b je c t  by Sherby e t  a l .  (1954) 
examined the  p roposa ls  made by Wood and co-workers between 1948 and 
1952 on creep mechanisms. T he ir  conclus ions  embody no t o n ly  s t r u c tu r e  
e f f e c t s  p e r  se bu t th e  e f f e c t  o f  in s ta n tan e o u s  s t r a i n  because t h i s  
v a r ie s  w i th  s t r e s s  and tem peratu re  and i s  a p a r t  of c reep  even though 
the  r a t e  i s  h ig h . Cold p r e - s t r a in in g  o f aluminium t e s t  p ie ce s  r e s u l t e d  
in  in c re a se d  creep s t r e n g th .  As th e  tem peratu re  of p r e - s t r a i n  was 
in c re a s e d ,  creep r a t e s  in c re a se d  and presumably creep d u c t i l i t y  to  
judge from t h e i r  s t r a i n  v s .  time p l o t s .
Most of the  work subsequent to  t h a t  o f  Sherby may co n v en ien tly  
be d iv id ed  in to  low and h igh  tem perature  p r e - s t r a i n ,  th e  l a t t e r  u s u a l ly  
a t  the  t e s t  tem pera tu re .
General agreement i s  reached  th a t  co ld  p r e - s t r a i n  reduces d u c t i l i t y
(27)due to  th e  s t re n g th e n in g  im parted . Gindin e t  a l .  (1966) found th a t
s t re n g th e n in g  occurs up to  the  tem pera tu re  a t  which d i f f u s io n  o ccu rs .
Work on G19, Barr e t  a l .  ( 1 9 6 7 ) Type 318(18/8) s t e e l ,  B arr e t  a l .  
(1964)^^^ and on A1.20%Zn,, W illiams ( 1 9 6 8 ) a l l  showed e f f e c t s  
a s s o c ia te d  w ith  p r e c i p i t a t e s .  Cracking of the  p r e c i p i t a t e s  occu rred  in  
G19^^^ and the  Al.Zn.^^^^ and t r i p l e  p o in t  c rack ing  a s s o c ia te d  w ith  
p r e c i p i t a t e s  was observed in  Type 3 1 6 ^ ^ \  However, t r i p l e  p o in t  
crack ing  was reduced in  the  A l.Z n .^^^^ . The e f f e c t  of subsequent h e a t
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t re a tm en t was to  remove th e  e f f e c t  of p r e - s t r a i n  in  Type 316^^^ h u t
on ly  p a r t i a l l y  so in  G 1 9 ^^ \  Zozyrsk iy  e t  a l .  (1966)^^^^ found t h a t  as
creep s t r e s s  in c re a s e s  th e  e f f e c t  of p r e - s t r a i n  d e c re a se s .  Davies 
(13)e t  a l .  (1961) p o in t  ou t t h a t  in s tan tan eo u s  creep s t r a i n  v a lu es
must be exceeded b e fo re  the  e f f e c t  i s  seen on a d i l u t e  Ni.Au. a l lo y .
They f in d  a decrease  in  th e  p roduct (ê^ x t^ )  b u t  show t h a t  th e  sum of
the  p l a s t i c  and creep s t r a i n s  equals  the  n o n -p re s t ra in e d  v a lu e  which
im plies  eq u iv a len ce .  I t  should be no ted  th a t  they  a re  c a r e fu l  to  avoid
r e c r y s t a l l i s a t i o n ,  i f  t h i s  occu rred  the  r e s u l t s  could be a f f e c t e d  due
to  the  annea ling  e f f e c t  of th e  moving b o u n d a r ie s .  In  a l a t e r  paper
(1963)^^^^ the  same workers found th a t  g ra ingrow th  during  a t e s t
decreased  th e  creep r e s i s t a n c e  of p r e - s t r a in e d  m a te r i a l .  This work
in c lu d es  p r e - s t r a i n s  a t  -  196°, 20° and 500°C on Ni and d i l u t e  Ni
a l lo y  and they  f in d  t h a t  a given p r e - s t r a i n  has a magnitude of e f f e c t
which i s  in v e r s e ly  p ro p o r t io n a l  to  the  tem pera tu re  of a p p l i c a t io n .
The r e s u l t  of p e rm it t in g  recovery  to occur i s  to  in c re a s e  the  p roduct
( e  X t_ )  b u t a decrease  i s  observed f o r  p r e - s t r a in e d  m a te r ia l  in  the  s f
absence of g ra ingrow th . Thus p r e - s t r a i n  reduces the  d u c t i l i t y  and 
creep r a t e .
The work of Evans and W ilshire^^^^ has a l re ad y  been d iscu ssed
and th e re  i s  evidence th a t  p r e - s t r a i n  a t  th e  creep tem perature  has an
e f f e c t  b u t  i t  i s  n o t s t a t e d  how th e  creep r a t e  and time to  f a i l u r e
change. From t h e i r  r e s u l t s  e i t h e r  the  r a t e  o r  th e  time o r  b o th ,  a re
decreased . T heir  r e s u l t s  a re  shown in  F igu re  9 and, as p re v io u s ly
s t a t e d ,  c r i t i c a l l y  ap p ra ised  in  th e  D iscu ss io n ,  Chapter 4.
Goldhoff (1962)^^^^, a m eticu lous  i n v e s t i g a t o r ,  has u n fo r tu n a te ly
only produced th i s  one paper in v o lv in g  p r e - s t r a i n .  The work has a g re a t
deal of f a c tu a l  in fo rm atio n  and a r e f r e s h in g  lack  of assum ption . The
(31)m a te r ia l  i s  Cr.Mo.V. s t e e l  bu t as he p o in ts  ou t (1967) sm all
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v a r i a t i o n s  in  com position and d i f f e r e n t  h e a t  tre a tm en ts  produce a 
m a te r i a l  w ith  fundam entally  changed p r o p e r t i e s .  This m a te r ia l  only 
approximates in  some co n d it io n s  to  t h a t  used in  the  work re p o r te d  in  
t h i s  t h e s i s .  He shows th a t  p r e - s t r a i n  in c re a se s  the  creep s t r e n g th  
and reduces d u c t i l i t y  in  one h ea t  t r e a t e d  co n d i t io n  b u t  in  an o th er  
has l i t t l e  e f f e c t  upon s t r e n g th .  Widely v a r ie d  r e s u l t s  a r i s e  due 
to  h e a t  t re a tm e n t .  D u c t i l i t y  v a r ie s  w ith  b o th  tre a tm en ts  and p re ­
s t r a i n .  An im portan t a sp ec t  i s  the  s t r u c t u r e  dependence of th e  
e f f e c t s  achieved by p r e - s t r a i n i n g .
Research by Voorhees e t  a l .  (1962)^^^^ showed th a t  fo r  s e v e ra l  
a l lo y s  creep r a t e s  were in c re a se d  by p r e - s t r a i n  in  c o n t r a s t  to 
Goldhoff*s r e s u l t s .  Lower ru p tu re  times were reco rded , th e  p l o t  of 
s t r e s s  v s .  ru p tu re  time ly in g  p a r a l l e l  to  th e  non p r e - s t r a in e d  p l o t  
b u t d isp la ce d  to  lower time v a lu e s .
1 .6  The E f f e c t  of P r e - S t r a in  Rate upon Creep Behaviour
There i s  a d e a r th  of in fo rm ation  on t h i s  to p ic .  Many workers
have re p o r te d  t e s t s  in  which deform ation  was c o n t ro l le d  by th e  r a t e  
of app ly ing  s t r e s s  as in  a t e n s i l e  t e s t .  This type of t e s t  i s  n o t
r e le v a n t  to  the  c o n d it io n s  which apply  in  t h i s  re s e a rc h  s in ce  the
r a t e  c o n t r o l l in g  p rocess  in  creep w i l l  be p r i n c i p a l l y  de f ined  by 
tem pera tu re  dependent f a c to r s  and the  load i s  c o n s ta n t .  That i s  to  
say^ the  deform ation p rocess  o ccu rr in g  in  th e  p re se n t  work w i l l  be 
th e rm a lly  a c t iv a te d  b u t  may be s t r e s s  a id ed . The s t r e s s e s  o c cu r r in g  
under the  co n d it io n s  used in  the  a u th o r 's  t e s t s  a r e ,  in  any c ase ,  
le s s  than th a t  a t  the  y ie ld  p o in t .  Goldhoff observes^^^^ th a t  
ra p id  p r e - s t r a in in g  decreased  th e  time to  f a i l u r e  in  Cr.Mo.V. s t e e l  
and slow p r e - s t r a i n i n g  in c re a se d  t h i s  m odera te ly  in  one h e a t  t r e a t e d  
c o n d i t io n .
In  the  rem aining c o n d it io n s  th e  s t e e l  was s tren g th en ed  by p re -
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s t i a i n  b u t  more so in  th e  slow ly p r e - s t r a in e d  c o n d i t io n .
The only  o th e r  r e fe re n c e  in  th e  l i t e r a t u r e  i s  t h a t  of 
Hodgson (1969) and t h i s  w i l l  be d iscu ssed  in  a l a t e r  c h ap te r
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2. EXPERIMENTAL DETAILS
2.1  The M a te r ia ls  Used în  th e  T ests
The m a te r ia l  used was a low a l l o y  Cr.Mo.V. s t e e l .  This type  
of s t e e l  has found a ve ry  wide f i e l d  of use th roughout the  w orld . 
Compositions very  s im i l a r  to  the  one used h e re  a re  s p e c i f ie d  fo r  
g en e ra t in g  p la n t  in  Jap an , U .S .A .,  U .S.S .R . and Europe. D e ta i l  
changes in  composition and h e a t  t re a tm en t r e s u l t ,  however in  a 
wide range of p r o p e r t i e s .  In  the  U.K., where g e n e ra t in g  s e t s  a re  
now becoming much l a r g e r  and running a t  tem pera tu res  up to  about 
0 .4  Tm, much more s t r i n g e n t  s p e c i f i c a t io n s  a re  in  use than  h e r e to f o r e .
In  the  l a s t  f iv e  years  o r  so a g r e a t  dea l of work has been c a r r i e d  
out in  th e  l a b o r a to r i e s  o f  the  s t e e l  p ro d u ce rs ,  g e n e ra t in g  s e t  
m anufac tu rers  and of the  C.E.G.B. to  de term ine  optimum com position 
and h e a t  trea tm en t fo r  th e  m a te r i a l .  One of the  g r e a t e s t  d i f f i c u l t i e s  
which a r i s e s  i s  t h a t  of o b ta in in g  a uniform s t r u c t u r e  in  such m assive 
components a s ,  f o r  example, the  low p re s su re  (LP) r o to r  o f  a modem 
s e t .  The r o to r  i s  fo rged  as a s in g le  component com prising b o th  
s h a f t  and tu rb in e  d i s c s .  The d i f f e r i n g  c ross  s e c t io n s  p re s e n t  g re a t  
problems even in  a ' th ro u g h -h a rd e n in g '  s t e e l  such as t h i s .  F ig u re  3 
shows the  range of s t r u c tu r e s  and creep  r a t e s  th a t  occur in  a tu rb in e  
r o to r  fo rg in g .  The l a t e s t  s p e c i f i c a t i o n s  c a l l  f o r  a V, C r a t i o  of 
1 | : 1  or 2:1 to ensure  t h a t  a f in e  d i s p e r s io n  o f vanadium carb id e  i s  
p re s e n t  because t h i s  has been shown to  be re s p o n s ib le  fo r  th e  creep 
r e s i s t a n c e  by s e v e ra l  groups o f  workers ( r e fe re n c e s  6, 9, 36, 41, 60 ).  
R a t io n a l i s a t io n  of th e  h e a t  t re a tm en t in  p a r a l l e l  w ith  the  more 
s t r i n g e n t  com position s p e c i f i c a t i o n  has le d  to  th e  fo llow ing  recommended 
com position and h e a t  t re a tm e n t .  The com position of the  m a te r ia l  used 
in  th e  t e s t s  d esc r ib ed  in  t h i s  t h e s i s  i s  a l s o  g iv en .
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TABLE 1
C Mn Cr Mo Ni V
Optimised com position .28 .7 1.0 .7 .7 .35
M a te r ia l  used f o r  t e s t s .29 .74 1.06 1.0 .7 .35
N.B. Mo i s  thought to  s t a b i l i s e  th e  vanadium carb id e  by m a in ta in in g  
p a r t i a l  coherency between the  ca rb id e  and th e  m a tr ix .  The vanadium 
carb id e  takes  up to  40% Mo in to  s o lu t io n .  I f  th e  Mo con ten t exceeds 
t h i s ,  molybdenum carb id e  forms and coherency i s  l o s t  and growth of 
the  molybdenum carb id e  o ccu rs .  This i s  in c o h e ren t  and denudes th e  
m a tr ix  of vanadium c a rb id e .  Mo must n o t exceed the  V co n ten t  by more 
than  X3. The t e s t  m a te r ia l  should th e re fo re  be acc e p tab le  in  the  
l i g h t  of the  optim ised  com position.
TABLE 2
Heat Treatment (experim en ta l  and m anufacture)
A u s te n i t i s e  a t  1,000°C « This g ives a f in e  f e r r i t e  p e a r l i t e
Cool to  675°C a t  50°C / which, because of the  sm all g r a in -
p e r  hour. Hold fo r  I s i z e  p rev en ts  ex cess iv e  g r a in s iz e
70 h o u rs .  A ir co o l .  ' in  th e  f i n a l  t re a tm e n t .
A u s te n i t i s e  975°C.
O il quench.
Temper 700°C f o r  20 h o u r s ,
fu rnace  coo l.
The experim ental m a te r ia l  i s  in  f a c t  p a r t  o f the  excess produced f o r  
the  West Burton Power S ta t io n ,  LP R otor and s e v e ra l  workers have
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rece iv ed  an a l l o c a t io n .  The m a te r ia l  used by the  au thor was in  th e  
form of 7.5 cm sq u a re ,fo rg ed  b i l l e t s ,  about 1.2 m in  le n g th .
In  view of the  f a c t  t h a t  creep t e s t s  can take thousands of 
hours in  the  upper b a i n i t e  reg io n  i t  was decided to  t e s t  th e  m a te r i a l  
i n  the  f e r r i t e - p e a r l i t e  c o n d i t io n .  The h e a t  t re a tm e n t  used was th e  
f i r s t  h a l f  of the  r o to r  t re a tm en t quoted above. This produced a 
f in e  f e r r i t e - p e a r l i t e  s t r u c t u r e  w ith  a sm all g r a in s iz e  of between 
1 pm and 15 pm as shown by F ig u re  10. Three h e a t  t re a tm e n t  b a tch es  
were used in  th e se  t e s t s .  Batch 1 fo r  p r e - s t r a i n .  Batch 2 f o r  load ing  
r a t e  dependence and Batch 3 f o r  tem pera tu re  dependence and r e p e a t  
t e s t s  f o r  co n firm a tio n  of r e s u l t s .
2 .2  The Creep P l a s t i c i t y  Rig
The t e s t  equipment rece iv ed  t h i s  t i t l e  because the  i n i t i a l  
requirem ent was f o r  a h ig h  s e n s i t i v i t y  creep machine which in c o rp o ra te s  
f a c i l i t i e s  fo r  p r e - s t r a i n i n g  specimens a t  th e  t e s t  tem pera tu re .
A g en e ra l  view i s  shown in  the  photograph F ig u re  11 and a 
schem atic  layou t i s  g iven in  F ig u re  12. The b a s ic  creep machine i s  a 
Hand h igh  s e n s i t i v i t y  frame and fu rn ac e .  Temperature c o n tro l  i s  by 
a p la tinum  r e s i s t a n c e  thermometer and a p ro p o r t io n a l  c o n t r o l l e r  
d r iv in g  a th re e  zone fu rn ace .  Each zone can be ba lanced  w ith  re s p e c t  
to  the  o th e r s  by V ariac  v a r i a b le  t ra n s fo rm e rs .  Temperatures a re  h e ld  
to  ± l 5°C over the  gauge leng th  and a re  measured by th re e  chrome1- 
alumel thermocouples sp o t  welded to  the  specimen. The gauge len g th  
i s  sh ie ld e d  from d i r e c t  r a d i a t i o n  from th e  fu rnace  w a ll  by a sb es to s  
tap e .
Since chromel-alumel thermocouples can be up to  10°C in  e r r o r  
due to  d r i f t  and an o rd e r -d i s o rd e r  change a t  about 475°C, th e  couples 
a re  made from s p e c i a l l y  s t a b i l i s e d  w ire .  The f in i s h e d  couples a re  
c a l i b r a t e d  f o r  the  t e s t  tem perature  in  a c o n s ta n t  tem pera ture  b a th .
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P r in to u t  of specimen tem peratu re  i s  d i g i t i s e d  on a d a ta - lo g g e r  w ith  
an a d d i t io n a l  d i g i t i s e d  d is p la y  i f  r e q u ire d .
The specimen h o ld e rs  and rods have th re e  u n iv e r s a l  j o i n t s  to 
minim ise specimen bending so th a t  th e re  a re  two above the  specimen and 
one below. The lower u n iv e r s a l  i s  supplemented by a p in  j o i n t  in  one 
p lan e .
S t r a in  measurements a re  made u s ing  an ex tensom eter which i s
c e r t a i n l y  b e t t e r  than c la s s  B and as f a r  as can be a s c e r ta in e d  might
be c la s s e d  as ’A’ . The d i f f i c u l t y  i s  in  en su r in g  t h a t  the  c e r t i f i e d
NPL wedge comparator used f o r  checking, i s  i t s e l f  a ccu ra te  to  th ese
l i m i t s .  The s t r a i n  measurements a re  known to  be a c c u ra te  to  10 ^
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inches  and i t  i s  b e l ie v e d  to 10 in ch es .  The ex tensom eter was
.
developed by W alters and i s  d esc r ib ed  in  Appendix 3. B r ie f ly ,
i t  u t i l i s e s  fo u r  d isp lacem ent t r a n s d u c e rs ,  two o f which measure 
s t r a i n  and compensate f o r  ro ck in g ,  two compensate fo r  tem perature  
excu rs ions  which a re  no t experienced  by the  specimen. These l a t t e r  
tem pera tu re  changes a re  m ainly due to  g en e ra l  ambient changes and 
to  d raughts  a f f e c t in g  the  exposed p a r t s  of the  ex tensom eter . 
C o n tro l l in g  the  room tem pera tu re  to ± 1&°C and adding a p r o te c t iv e  
s k i r t  to the  fu rnace  minimises th ese  e f f e c t s  b u t  does n o t e l im in a te  
them, hence the  need f o r  compensation. The extensom eter i s  a t ta c h e d  
to the  specimen by means o f  two s p l i t  c o l l e t s  s i t t i n g  on r id g e s  
i n t e g r a l  w ith  the  specimen. Load i s  measured, when re q u i re d ,  by a 
p ro o f - r in g  type load c e l l  in  the  specimen s t r i n g .  This in s trum en t 
a lso  in c o rp o ra te s  a d isp lacem ent t ra n sd u ce r  of the  same type used 
in  the  ex tensom eter.
S igna ls  from th e  ex tensom eter and load c e l l  a re  u s u a l ly  p lo t t e d  
co n tin u o u s ly  by a s in g le  p o in t  Honeywell re c o rd e r  bu t can be recorded  
or d isp lay ed  d i g i t a l l y .  A U.V. re c o rd e r  i s  employed to  record  h igh
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speed s t r e s s  changes during  p r e - s t r a i n i n g .
The c a r r i e r  a m p l i f ie r s  which d r iv e  th e  tra n sd u ce rs  a re  i n f i n i t e l y  
a d ju s t a b le  in  range and span p e rm it t in g  t ra n sd u c e r  measurements from
-5
0.35  X 10 cm up to a t o t a l  movement of 0 .58  cm to  be the  f u l l  s c a le  
o u tp u t .  I t  i s  th e r e f o r e  p o s s ib le  to  fo llow  s t r a i n  o r  s t r e s s  changes 
a t  a m a g n if ic a t io n  le v e l  which i s  conven ien t.  I f  th e  o u tp u t  i s  p u t on 
a 30 'cm wide 100 d iv i s io n  c h a r t  i t  i s  apparen t t h a t  t h e o r e t i c a l l y  i t
-7
i s  p o s s ib le  to  read s t r a i n s  to  2 .5  x 10 which adequa te ly  covers the  
s e n s i t i v i t i e s  re q u ire d  in  the  experim ents d e sc r ib ed  in  t h i s  t h e s i s .
The remainder of the  r i g  i s  designed to  pe rm it e i t h e r  s t r e s s  o r  
s t r a i n  programmes to be performed in  te n s io n .  The h e a r t  of t h i s  p o r t io n  
of the  r i g  i s  the  h y d ra u l ic  ram and i t s  a s s o c ia te d  c o n t ro l  equipment.
As shown in  the  diagram, F igu re  12, i t  i s  mounted in  the  base  of the  
creep  machine and coupled to  th e  specimen s t r i n g e r  a t  the  p i n - j o i n t .
A Dowty MOOG valve  c o n t ro ls  th e  o i l  flow to  th e  ram and causes i t  to  
move up or down p ro p o r t io n a l ly  to  an inpu t v o l ta g e .  The s ig n  of the  
v o l ta g e  de f in e s  th e  d i r e c t i o n  of movement and the  s iz e  of th e  v o l ta g e  
d e f in e s  the  magnitude. Ram speed may be c o n t ro l le d  to  some e x te n t  by 
th e  supply  p re s su re  b u t  more u s u a l ly  by change of v o l ta g e  to  th e  MOOG 
v a lv e .  At h igh  speed the  ram movement must be measured in  microseconds 
so t h a t  a wide range of s t r e s s / s t r a i n  r a t e s  a re  a v a i l a b le .  The 
v o l ta g e  in p u t  to  th e  MOOG va lve  comes from a ’summing’ a m p l i f ie r  
which accep ts  a number o f  in p u ts ,  sums them a r i t h m e t i c a l ly  and 
p re se n ts  the  r e s u l t a n t  as a c o n t ro l  v o l ta g e  to  th e  v a lv e .  The in p u t 
v o l ta g e s  to the  MOOG a m p l i f ie r  a re  de rived  in  the  p re s e n t  r i g  from a 
number of so u rc e s ,
(a) s t r a i n  tra n sd u ce r  ou tp u t
(b) s t r e s s  tra n sd u c e r  ou tp u t
(c) p r e - s t r a i n  u n i t
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(d) r a t e  c o n tro l  u n i t
(e) wave-form g en e ra to r
( f )  cu rve -fo llow ing  u n i t
U nits  (c) and (d) were bo th  designed  and m anufactured a t  B erkeley  
N uclear L a b o ra to r ie s ,  (e) and ( f )  a re  p r o p r ie t a r y  items m anufactured 
by Servomex and Data Trak r e s p e c t iv e ly .  In  th e  p re s e n t  work th e  l a s t  
two item s have n o t been used , they  a re  f o r  use  in  th e  co n tin u in g  
programme. Items Cc) and (d) a re  f u l l y  d e sc r ib ed  in  Appendix 1. An 
example of the  programming of a p r e - s t r a i n  t e s t  i s  given in  Appendix 2 
But th e  b a s ic  requ irem ents  a re  as fo l lo w s .
The p r e - s t r a i n  i s  re q u ire d  to  be ap p l ie d  r a p id ly ,  in  l e s s  than  
one second, and the s t r e s s  n ecessa ry  to  apply  i t  i s  to be decayed 
smoothly to  the  creep v a lu e .  A ll  o p e ra t io n s  to  be c a r r i e d  out a t  
the  t e s t  tem pera tu re . Slow p r e - s t r a i n i n g  can be e f f e c te d  by 
u t i l i s i n g  the  Rate C ontro l U nit o r  manually by u s ing  a h y d ra u l ic  
ja c k  to  lower the  creep w eights  d i r e c t l y .
Before each t e s t  i s  commenced a l l  of the  equipment to  be used 
i s  c a l i b r a t e d  f o r  th e  range re q u i re d .  R e p e a ta b i l i ty  of in d iv id u a l  
t e s t s  was checked s e v e ra l  times throughout th e  s e r i e s  and an e x c e l l e n t  
*■ c o r r e l a t i o n  was always found.
2 .3  The Creep Specimen
F igu re  13 shows th e  two types used . The th readed  end type  was 
d isco n t in u ed  a t  the  end of the  p r e - s t r a i n  t e s t s  because i t  was decided 
to  c a r ry  ou t d e n s i ty  measurements on f u tu r e  specimens. The dumbell 
end c o n f ig u ra t io n  reduces the  u n te s te d  w eight to  improve th e  accuracy  
and s e n s i t i v i t y  of measurements.
The 2 i n . (508 mm) by 0.226 i n . (5 .7  mm) d iam eter gauge le n g th  
d e t a i l  has not changed throughout the  t e s t  programme.
A ll  t e s t  p ieces  were rough machined and then  h e a t  t r e a t e d  thus
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FIGURE 13 THE CREEP SPECIMENS
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A u s te n i t i s e d  1000°C
Furnace cooled a t  50°C/hour to  675°C
Held 70 hours
A ir  cooled
The in te n t io n  was to  minimise bo th  work ha rden ing  and d i s t o r t i o n ,  
No evidence of e i t h e r  was subsequen tly  observed .
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3. EXPERIMENTAL RESULTS
3.1  In t ro d u c to ry  Remarks. D iscovery  of a Loading Rate E f f e c t  
Very e a r ly  in  th e  t e s t  programme i t  was recogn ised  t h a t  th e  
m a te r ia l  was s e n s i t i v e  to  th e  r a t e  a t  which th e  load was a p p l ie d .  This 
f a c to r  was deemed to  be no t only im portan t to  th e  C.E.G.B. m a te r ia l s  
behav iour work but worth  examining as an unusual a sp ec t  of creep  
behav iour in  an o therw ise  conven tional s t e e l .
A l te r a t io n s  were made to  th e  programme to  observe the  e f f e c t s  
of p r e - s t r a i n  r a t e  as a s e p a ra te  p ie ce  of r e s e a rc h  to  t h a t  of e x p lo r in g  
th e  dependence of creep r a t e  and time to  f a i l u r e  e t c .  upon s t r e s s  and 
load ing  r a t e  in  conven tional creep t e s t s .
The e f f e c t  of p r e - s t r a i n  upon subsequent creep behav iour i s  
th e r e f o r e  re p o r te d  as two s e t s  of r e s u l t s ,  (1) slow p r e - s t r a i n  and 
(2} ra p id  p r e - s t r a i n .
Before p re s e n t in g  th e se  r e s u l t s  i t  i s  proposed to  d e sc r ib e  th re e  
t e s t s  made when the  load ing  r a t e  e f f e c t  was f i r s t  observed . The t e s t  
which rev ea led  the  e f f e c t  was in tended  to  be a conven tional creep 
t e s t  b u t  the  apparen t creep r a t e  was e x c e s s iv e ly  h ig h . I n i t i a l  
r e a c t io n  was th a t  e i t h e r  the  creep co n d i t io n s  o r  the  in s t ru m e n ta t io n  
was a t  f a u l t  b u t  t h i s  was no t found to  be the  case .  Another 
p o s s i b i l i t y  la y  w ith  the  h y d ra u l ic  ja c k  which had been used f o r  the  
f i r s t  time to  lower the  w e ig h ts .  P rev io u s ly  a screw ja c k  had been 
employed b u t  t h i s  e n t a i l e d  je rk y  load ing  and in c o n s i s te n c ie s  in  the  
p r e - s t r a i n  t e s t s  made up to  t h i s  time may, i t  was though t,  have been 
due to  t h i s .
The h y d ra u l ic  ja ck  was used to lower the  weights smoothly and 
th e  hypo thesis  was made th a t  in  doing so th e  m a te r ia l  experienced  
creep under a s t e a d i l y  in c re a s in g  load which, a t  some s ta g e ,  p rov ided  
a c r i t i c a l  amount of s t r a i n .  This might t r i g g e r  graingrow th o r  r e ­
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c r y s t a l l i s a t i o n  which would e f f e c t i v e l y  p ro v id e  d i s lo c a t io n  'f r e e *  
m a te r ia l  in  which creep could be r a p id .
Two t e s t s  were then  made a t  288 N/mm^ (18.62 t s i )  and 550°C.
One was loaded by lowering th e  weights s low ly  in  50 seconds and the  
o th e r  loaded in  one second. The slowly loaded t e s t  had a minimum 
creep r a t e  which was t h r e e  o rders  of m agnitude g r e a te r  than  the  
r a p id ly  loaded t e s t .  F a i lu r e  occurred in  th e  h igh  creep r a t e  t e s t  
in  about 10 hours and a t  th e  low creep r a t e  in  approxim ately  
500 hours .
This was a d ram atic  d ep a r tu re  from th e  expected behav iour and 
th e  r e s u l t s  a re  shown in  F ig u re  14. A lo g - lo g  p l o t  i s  e s s e n t i a l  
because on l i n e a r  axes th e  h igh  creep r a t e  t e s t  i s  so s tee p  t h a t  i t  
i s  im possib le  to  d e te c t  p rim ary , secondary o r  t e r t i a r y  c reep . The 
f a c t  t h a t  th e  r a t e  of change of creep r a t e  goes through a minimum, 
in d ic a t in g  secondary c re ep ,  i s  dem onstrated by th e  lo g - lo g  p l o t .
One f u r t h e r  q u e s t io n  re q u ire d  an answer a t  t h i s  s tag e  and th a t
was whether a creep r a t e  was s t a b l e  once e s ta b l i s h e d .  A slow ly
2loaded specimen a t  270 N/mm (17.5  t s i )  was u n a ffe c ted  by unloading  
and r a p id ly  r e - lo a d in g .  The e f f e c t  of v a r io u s  changes in  c o n d it io n s  
on a r a p id ly  loaded t e s t  p ie c e  i s  shown in  F ig u re  15. I t  i s  
considered  th a t  a change in  creep r a t e  of only  a f a c to r  of two 
dem onstra tes  s t a b i l i t y .
Having e s ta b l i s h e d  th a t  th e  load ing  r a t e  e f f e c t  was genuine the  
t e s t  programme was pursued on th e  l in e s  in d ic a te d  p re v io u s ly .
3 .2  P r e - S t r a in  T es ts
In  th e se  t e s t s  th e  tem peratu re  was c o n s tan t  a t  550°C and th e  
2
s t r e s s  a t  270 N/mm (17.6  t s i ) .
P r e - s t r a i n  was app lied  a t  550°C and th e  s t r e s s  n e cessa ry  to  
impose i t  was decayed smoothly to  th e  t e s t  s t r e s s .  An u l t r a - v i o l e t
































(U.V.) re c o rd e r  was used to  m onitor the  s t r e s s - t im e  p a t t e r n  and a 
t y p i c a l  t r a c e  i s  reproduced in  F igu re  16. P r e - s t r a i n  was ap p l ie d  
a t  v a r io u s  r a t e s  b u t the  r e s u l t s  f e l l  in to  two groups, those  p re ­
s t r a in e d  in  approxim ately  1 sec and those  p r e - s t r a in e d  in  55 secs 
o r  more. The r e s u l t s  showed th a t  w i th in  those  broad d iv i s io n s  the  
s p e c i f i c  r a t e  of p r e - s t r a i n i n g  was no t  im p o r tan t .  As shown by
F ig u re  17, comparable p r e - s t r a i n s  of 0.9% and 0.88% were a p p lied
. —1 . -1a t  q u i t e  d i f f e r e n t  r a t e s  i . e .  0.98%min and 0.17%min r e s p e c t iv e ly .
The d i f f e r e n c e  in  creep r a t e  was n o t  on ly  sm all b u t  in  th e  wrong
sense to  a minor e x te n t .
As in  the  t e s t s  d esc rib ed  in  3 .1  i t  i s  im possib le  to  d is c e rn
the  p resence  of p rim ary , secondary o r  t e r t i a r y  creep in  the  h igh
.
creep r a t e  t e s t s .  Since prim ary creep c o n t r ib u te s  approxim ate ly  
0.6% s t r a i n  th e re  should be evidence o f prim ary  creep in  th e  lower 
p r e - s t r a i n  t e s t s .  T herefore  the  r e s u l t s  a re  a lso  p re sen ted  in  lo g -  
log form in  F igu re  18 from which i t  w i l l  be seen t h a t  in  each t e s t  
th e re  was a secondary and t e r t i a r y  s ta g e .  Prim ary creep can be 
d e te c te d  in  the  r a p id ly  loaded pure creep and 0.65% p r e - s t r a i n  
sample and i s  in d ic a te d  in  the  slow ly  loaded 0.2% p r e - s t r a i n  t e s t .
Table 3 compares v a r io u s  param eters  f o r  th e  p r e - s t r a in e d  t e s t s .  
The r e s u l t s  in d ic a te  th a t  a slow load w ith o u t  p r e - s t r a i n  i s  by 
f a r  the  most severe  form o f p re - t r e a tm e n t .  I f  the  zero p r e - s t r a i n ,  
r a p id ly  loaded t e s t  i s  taken  as the  datum then  p r e - s t r a i n  improves 
the  creep s t r e n g th  in  slow ly loaded specimens. Small p r e - s t r a i n s  a re  
damaging in  r a p id ly  loaded t e s t s  w i th  a tendency towards normal l iv e s  
as p re —s t r a i n  in c re a s e s .  Equivalence of p l a s t i c  and creep s t r a i n  
cannot th e r e f o r e  be assumed.
Even though th e re  i s  a creep s t r e n g th  improvement in  slow ly 
loaded t e s t s  as p r e - s t r a i n  i s  in c reased  the  e f f e c t  of slow p r e - s t r a i n










































-  52 -
CREEP CONDITIONS FOR ALL TESTS.
S 5 0 * C  17 5 TONS./S0. IN.
2 7 0 -2  N /m m *O 2 0 % PLASTIC STRAIN 
APPLIED IN 55 SECS.
O 9 0 %  PLASTIC STRAIN 
APPLIED IN 55  SECS.
0  88%  PLASTIC STRAIN 
APPLIED IN 6 M IN S.
2
<cr 0  7 5 %  PLASTIC STRAIN 
APPLIED IN 0  5 SEC S.
K-in
0  65%  PLASTIC STRAIN 
APPLIED IN I SEC.
PURE CREEP.




CREEP CONDITION FOR ALL TESTS.
SSO'C 175 TONS./SO. IN. 
2 7 0 2  N /  mnL*
0 2 0 %  PLASTIC STRAIN 
APPLIED IN 55 SECS.o o -
0 ^ 0 %  PLASTIC STRAIN 
APPLIED IN 55 SECS.
0  88% PLASTIC STRAIN 
APPLIED IN 6M W S.
0-75% PLASTIC STRAIN 
APPLIED IN 5 SECS.
lO
PURE CREEP.
0 6 5 %  PLASTIC STRAIN 




TIME, (h o u r s .)
KDO lOOO
— 5 4  —
TABLE 3
Rate of Loading P r e - S t r a in  % £S "f
Slow 0 2.4  X 10“ ^ - 10
0 .2 1 .9  X 10“ ^ 23 40
0.75 1.95 X 10"3 25 45
0 .88 1.4  X lo"^ 44 75
0 .9 1.2 X 10“ ^ 39 64
Rapid 0 3 X 10-5 280 430+
0 .2 10 X 10“5 125 270
0.65 1 X 10-5 230 280+
0.75 6 .8  X 10-5 210 430
— 55 -
i s  s t i l l  sev e re .
F igu re  19 shows the genera l  e f f e c t  of p r e - s t r a i n  upon time to 
f a i l u r e  f o r  both  r a t e s  of load ing .
In  F igu re  20 s t r a i n  r a t e  and th e  time to  f a i l u r e  (and to t e r t i a r y  
creep  r a t e )  a re  p lo t t e d  on lo g - lo g  axes . The reason  f o r  choosing th i s  
p l o t  i s  to  see i f  the  r e s u l t s  f i t  th e  r e l a t i o n s h ip
[ t  X Ê™] = K (10)t  s
I t  w i l l  be seen th a t  the  s lope  o f -  1 p re d ic te d  from the  
r e l a t i o n s h ip  does no t  h o ld .  The s t r a i n  r a t e  index  i s  found to  be 0 .6  
and the  va lue  of K, 1 .2 .  A good c o r r e l a t i o n  of th e  r e s u l t s  w ith  
t h i s  s lope  i s  o b ta in ed . The times to  t e r t i a r y  t^  a re  inc luded  s in c e  
t h i s  param eter i s  o f te n  quoted in  the  l i t e r a t u r e .
3 .3  Creep T e s ts .  The E f f e c t  o f  Slow o r  Rapid Loading
For t h i s  group of t e s t s  a new b a tch  of t e s t  p ieces  was machined 
from the  same b i l l e t .  The h e a t  t re a tm en t used was the  same as 
b e fo re ,  v i z .
A u s te n i t i s e  1000°C
Furnace cool a t  50°C pe r  hour to 675°C
Hold f o r  70 hours
A ir coo l.
The t e s t  tem perature  was aga in  550°C b u t  a range of s t r e s s e s
2was used . The h ig h e s t  s t r e s s  was 270 N/mm (17.5 t s i )  and the  lowest 
180 N/mm  ̂ (11.6  t s i ) .
The fam ily  of curves i s  given in  the  lo g - lo g  E v s .  t  p l o t .
F ig u re  21. To a id  comparison of th e  curves an a r b i t r a r y  o r ig in  was 
de f in ed  a t  a s t r a i n  of 0.0001 cm and a time of 0 .01 h o u rs .  This 
a r t i f i c e  i s  j u s t i f i e d  no t only on th e  grounds g iven  b u t ,  as i s  w e ll  

















































































































































quanta  invo lved . This in  lo g a r i th m ic  p l o t s ,  leads  to  a w orsening of 
the  accuracy r a th e r  than an improvement. S ince , from the  o r ig in  
d e f in e d ,  the  creep s t r a i n  and time increm ents a re  e x a c t ly  as measured 
the  shape of the  i n i t i a l  curve i s  a l t e r e d .  The purpose in  u s in g  the  
s in g le  o r ig in  i s  to e f f e c t  t h i s  a l t e r a t i o n  so t h a t  the  form of the  
curves i s  t r u l y  comparable.
The numbers a t  the  te rm in a t io n  of each curve a re  the  s t r e s s e s  in
2N/mm . F a i lu r e  occurred  in  each case  where the  l i n e  te rm in a te s .  A ll  
s low ly  loaded t e s t s  a re  the  l e f t  hand ones of each p a i r  a t  a given 
s t r e s s .  S im ila r ly  the  r i g h t  hand r e s u l t  in  each p a i r  was r a p id ly  
loaded. A s lope  of 1 i s  shown t a n g e n t i a l  to  each t e s t  and the  p o in t  
of c o n ta c t  i s  in d ic a te d  by the  s h o r t  l i n e  c u t t i n g  the  curve.
The r e s u l t s  have a good o v e ra l l  co n s is ten cy  and show two im portan t 
f e a tu r e s .  F i r s t l y ,  th e  rem arkable u n ifo rm ity  of the  s t r a i n s  a t  f a i l u r e  
which a re  com pletely  independent of the  load ing  r a t e  and s t r e s s .
Secondly, th e  in d ic a te d  r e l a t i o n s h ip  between s t r a i n  a t  the  tan g en ts  
of u n i ty  and the  s t r e s s .
As in  3 .2 ,  v a r io u s  param eters  of the  t e s t s  a re  g iven in  ta b u la r  
form in  Table 4.
An i n i t i a l  a n a ly s is  of the  r e s u l t s  may be made by p l o t t i n g  th ese  
param eters  in  v a r io u s  ways. The r e l a t i o n s h ip  between the  minimum creep  
r a t e  (o r  secondary creep r a t e )  and th e  s t r e s s ,  a l re a d y  in d ic a te d  by 
F ig u re  21 i s  given in  F igure  22. As w e l l  as (c^) the  creep r a t e  a t  0.1%, 
1.0% and 10% s t r a i n  i s  p lo t t e d  fo r  comparison. The p lo t  i s  of course  a 
s tan d a rd  one to  g ive  th e  s t r e s s  index and i s  re p re se n te d  by the  
equ a tio n
= A.ct̂  (11)
The p o in ts  fo r  the  minimum creep r a t e  of both  slowly and r a p id ly  loaded 








ês % t^  (hours)
270 Slow 3m 5s 1.3 X 10-2 27.9 8.5
270 Rapid < Is 4.5 X 10-3 31.5 25
220 Slow 10m 15s 7.8 X 10-4 30.5 112
220 Rapid < Is 3.2 X 10-4 31.0 243
200 Slow 2m 40 s 2 .0 X 10-4 31.3 306
200 Rapid < Is 1 .4 X 10-4 32.5 430
180 Slow 2m 12s 5 .7 X 10-5 29.0 870
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ob ta ined  f o r  the  s t r e s s  index .
I t  can a lso  be shown th a t  the  r e s u l t s  f i t  the  eq ua tion
S
and in  F igu re  23 the  p lo t s  a re  g iven f o r  b o th  slow and ra p id  load ing  
a t  ’ time to t e r t i a r y *  and ’ time to  f a i l u r e * .  The c o r r e l a t i o n  i s  good 
and a va lue  of 0 .85 i s  o b ta ined  f o r  the  s t r a i n  r a t e  index . Dependence
of the  time to  t e r t i a r y  and f a i l u r e  upon s t r e s s  i s  dem onstrated  by
F igu re  24.
3 .4  The Temperature Dependence of th e  Creep Rate
2A s e r i e s  of t e s t s  a t  a s t r e s s  of 220 N/mm was made in  th e
tem perature  range 500°C to  550°C.
The r e s u l t s  a re  p lo t t e d  on th e  log^^ v s .  1/T°K graph g iven  in  
F igure  25.
A va lue  of 100 kca l/m o l was o b ta in ed  f o r  th e  a c t i v a t i o n  energy,
Q, in  th e  equa tion  ^
i  *= A.e (13)s
3 .5  M etallography
3 .5 .1  O p tic a l  m eta llog raphy
A g en era l  exam ination showed a banded f e r r i t e / p e a r l i t e  s t r u c t u r e ,  
no doubt a r i s i n g  from the  p ro d u c tio n  of the  7.5 cm sq u are ,  1 .2  m long 
b i l l e t s .  The p e a r l i t e  was p a r t i a l l y  r e s o lv a b le  and th e  f e r r i t e  g ra in s  
showed evidence of a homogeneous m a tr ix  ca rb id e  d i s t r i b u t i o n  w ith  massive 
ca rb id es  a t  the  g ra in b o u n d a r ie s . The f e r r i t e  g ra in s  v a r ie d  in  s iz e  from 
10 pm to  60 pm in  the  * as received* co n d i t io n  and were no t equiaxed . 
F igure  10 shows the  g en e ra l  form of the  s t r u c t u r e .  Three h ea t  
trea tm en t ba tches  were used in  th e se  t e s t s  as s t a t e d  in  2 .1  and i t  was 
found n ecessa ry  to  c o n t ro l  the  h e a t  t re a tm en t v e ry  c a r e f u l ly  to  o b ta in  
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have the  same b a s ic  s t r u c t u r e .  The f in e  f e r r i t e  g ra in s  appeared to  be 
s t a b l e  under a l l  t e s t  co n d i t io n s  excep t th e  long t e s t  t im es ,  r a p id ly  
p r e - s t r a in e d  t e s t s  and in  the  'necked* p o r t io n  of the  f a i l e d  t e s t  
p ie c e s .  In  the  t e s t s  which ran f o r  th re e  o r  fo u r  hundred hours th e re  
was evidence of some graingrow th  and the  form became equiaxed. The 
d iam eter  tended to  a maximum of 200 ym where graingrow th  occu rred .
The massive ca rb id es  a t  the  boundaries  would seem to  be capab le  of 
s t a b i l i s i n g  the  g r a in s iz e  e f f e c t i v e l y  in  th e  s h o r t  term .
3 .5 .2  E le c t ro n  m eta llog raphy  -  r e p l i c a  exam ination
I f  s t r u c tu r e s  a re  i l l  de f ined  under th e  l i g h t  m icroscope i t  i s  
l o g i c a l  to  proceed to  the  exam ination of r e p l i c a s  in  the  e l e c t r o n  
m icroscope. The techn ique  used i s  de sc r ib ed  in  Appendix 5 and gives 
i n d i r e c t  carbon r e p l i c a s  shadowed w ith  go ld -p a llad iu m . The g r e a t ly  
improved r e s o lu t io n  enabled  the  'a s  r e c e iv e d '  g r a in s iz e  to  be 
confirm ed. F igu re  26, bu t  showed th a t  grainboundary m ig ra t io n  c e r t a i n l y  
occurred  in  t e s t s  of s h o r t  d u ra t io n .  F ig u re  27 shows th e  s t r u c t u r e  of 
a t e s t  p ie c e  which was slow ly  loaded and f a i l e d  in  7.3 h o u rs .  In  
t h i s  f i g u r e ,  m ig ra t io n  of a boundary i s  e v id en t  in  th e  la rg e  o r i g i n a l  
g ra in  d e l in e a te d  by c a rb id e s .  I t  i s  p robab le  t h a t  of the  th re e  
t r a n s v e r s e  boundaries  v i s i b l e ,  only  the  most d i s t i n c t  i s  a c u r re n t  
one, the  o th e r  two be ing  a r r e s t  p o s i t io n s .  Whether the  a r r e s t s  were 
due to  h e a t  t re a tm en t s tag e s  o r  occurred  during  creep i s  no t known.
The impedance of boundary movement by m assive ca rb id es  i s  dem onstrated
by th e  kinked form a s s o c ia te d  w ith  c a rb id e s .
R ep licas  of t h i s  type o f te n  e x t r a c t  a few p a r t i c l e s  and t h i s  a f fo rd s
an o p p o r tu n i ty  fo r  i d e n t i f i c a t i o n .  An example of t h i s  i s  g iven in
F igu re  28 which shows p a r t i c l e s  and the  d i^ r a c t io n  p a t t e r n  o b ta in ed .
These p a r t i c l e s  a re  re p o r te d  by o th e r  workers as p l a t e l e t s .  The
d i f f r a c t i o n  p a t t e r n  in  F ig u re  28 was found to  belong to  a cub ic  compound
— 67 —
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F I G U R E  2 6  SHADOWED R E P L I C A S  OF THE MI CROSTRUCTURE P R I O R  TO T E S T .  X 1 , 6 0 0  
TOP BATCH 1 ,  BOTTOM BATCH 2
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FIGURE 27 SHADOWED REPLICA SHOWING GRAINBOUNDARY MIGRATION. X 1,600
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FIGURE 28 SELECTED AREA DIFFRACTION FROM THE SMALL AREA SHOWN. X 30,000
THE LOWER PHOTOMICROGRAPH SHOWS THIS AREA IN DETAIL. X 100,000 
SHADOWED REPLICAS.
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w ith  a NaCl s t r u c tu r e  the  ’a '  param eter of which (cube edge) was 
approxim ately  4.14&. An e x t r a c t  from Pearson  (1967)^^^^ g iven  in  
Table 5 shows th a t  a wide range of VC^ v a lues  e x i s t  and phases 6C,
6, 63, &a and a e x i s t  in  th e  cubic  form. approximates to  the
6 carb ide  w ith  an ’a* v a lu e  of 4.1285^ and the  one given i s  a lso  6 
bu t n e a re r  V^C^. The h a b i t  p lane  of the  ca rb id e  i s  the  (1 1 1 ) . These 
carb ides  a re  a lso  shown to  be in  p l a t e l e t  form by F igu re  29 taken  from 
a ca rb id e  e x t r a c t io n  r e p l i c a  (see  3 .5 .3  fo r  t h i s  t o p i c ) .  The p l a t e l e t s  
were p a r t i a l l y  t r a n s p a r e n t  to  e le c t ro n s  and e x h ib i t  Moiré f r in g e s  and 
p o s s ib ly  extended d i s lo c a t io n s .  P l a t e l e t s  a re  o f te n  found in  l in e s  
and the  two shown a b u t t in g  h e re  have an undoubted l a t t i c e  coherence 
s in ce  th e  d e fe c ts  con tinue  from one to  the  o th e r .  I t  i s  p o s s ib le  t h a t  
p a r t i a l  coherency e x i s t s  between th e  i ro n  l a t t i c e  and the  p l a t e l e t s  
when they  a re  ve ry  th in  and sm all.
TABLE 5
VCx Free  C Phases a(cube edge in  R)
.939 .017 6C 4.1682










FIGURE 29 VANADIUM CARBIDE PLATELETS. EXTRACTION REPLICA. X 100,000
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3 .5 .3  E le c tro n  m eta llography  -  e x t r a c t i o n  r e p l i c a s
Since the  d is p e r s io n  of p r e c i p i t a t e s  e t c .  i s  recogn ised  to  be of 
g re a t  importance as a s t re n g th e n in g  mechanism th e  e x t r a c t i o n  techn ique  
was a p p lied  to  the  specimens. A d e s c r ip t io n  of the  method i s  given in  
Appendix 5. A comparison has been made between the  v i r g i n  m a te r i a l  and 
b o th  f a i l e d  and p a r t i a l l y  t e s t e d  specimens.
In  gen era l  i t  may be s a id  t h a t  th e  p e a r l i t e  e x h ib i te d  a range of 
forms and ty p ic a l  examples a re  g iven  in  F igu re  30. Since creep in  
th e se  s t r u c tu r e s  w i l l  be l im i te d  they  a re  of i n t e r e s t  m ainly  because of 
the  volume of p e a r l i t e  and the  e f f e c t  on th e  su rrounding  m a tr ix .  The 
f in e  c a rb id e s ,  m ainly VC^ and p o s s ib ly  MÔ C a re  r e l a t i v e l y  u n a f fe c te d  by 
the p e a r l i t e  masses whereas the  more m assive d i s c r e t e  m a tr ix  ca rb id es  
o f te n  decrease  in  d e n s i ty  a d jac e n t  to  p e a r l i t e .  P e a r l i t e  would th e re fo re  
appear to denude the  m a tr ix  of such elements as chromium bu t  no t vanadium 
o r carbon.
The m a tr ix  carb ides  f e l l  in to  two main groups, the  p ro fu se  f in e  
carb ides  of le s s  than 30oS diam eter and the  much le s s  numerous la rg e  
carb ides  up to 1,500^ d iam eter .  The u n te s te d  m a te r ia l  from Batches 1 
and 2 used f o r  the  p r e - s t r a i n  and load ing  r a t e  t e s t s  r e s p e c t iv e ly ,  
v a r ie d  in  the  amount of ca rb id e  p re s e n t  in  th e  m a tr ix .  F ig u re  31 shows 
the  d i s t r i b u t i o n  and form a t  r e l a t i v e l y  low m a g n if ic a t io n .  This f in e  
p r e c i p i t a t e  would provide  a reason  f o r  the  lo n g e r  creep l iv e s  a t t a in e d  
in  the  p r e - s t r a in e d  t e s t s .  Nonetheless the  load ing  r a t e  e f f e c t  was 
p re se n t  to  a marked degree in  bo th  ba tches  so t h a t  from t h i s  a sp ec t  
th e re  i s  l i t t l e  e f f e c t  of p r i o r  spac ing . The load ing  r a t e  e f f e c t  
w ithou t p r e - s t r a i n  was examined us ing  Batch 1 m a te r ia l  f o r  some t e s t s  
and Batch 2 f o r  the  main t e s t  s e r i e s .  In  Batch 1 th e  f i n a l  ca rb ide  
spacing  had changed as shown by F ig u re  32. This f ig u r e  in c lu d es  r e p l i c a s  
from t e s t  p ieces  ' f r o z e n '  a f t e r  f iv e  m inu tes ,  l i t t l e  d i f f e r e n c e  i s
-  73 -
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FIGURE 30 FORMS OF CARBIDES IN PEARLITE. EXTRACTION REPLICAS. X 5,600
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FIGURE 31 EXTRACTION REPLICAS OF THE STRUCTURE PRIOR TO TEST. X 5,600 
TOP BATCH 1, BOTTOM BATCH 2.
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FIGURE 32 BATCH 1 CARBIDE DISTRIBUTION BEFORE, DURING AND AFTER TESTS.
EXTRACTION REPLICAS. X 3 3 ,0 0 0
TOP -  BEFORE TEST.
2ND ROW -  LEFT. RAPID LOAD AFTER 5 MINUTES TESTING.
RIGHT. SLOW LOAD AFTER 5 MINUTES TESTING.
3RD ROW -  RAPID LOAD. FAILED TEST PIECE.
4TH ROW -  SLOW LOAD. FAILED TEST PIECE.
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observab le  between th e  v i r g i n  m a te r ia l  and th e se  t e s t  p ie c e s .  
I n s u f f i c i e n t  load ing  r a t e  work was performed on t h i s  b a tch  to  draw 
conclus ions  concerning the  dependence of creep  r a t e  upon lo ad in g  r a t e .  
However, the  f i n a l  f in e  ca rb id e  spac ings  (measured as 22oR f o r  slow 
lo ad , h igh  creep r a t e  and 20oX f o r  th e  o p p o s i te  co n d it io n )  a re  in  the  
r i g h t  r e l a t io n s h ip  w i th  creep r a t e  i . e .  g r e a te r  sp ac in g , g r e a t e r  r a t e  
o f c reep . The comprehensive s e t  of r e s u l t s  from Batch 2 were much 
e a s i e r  to  analyse  and gave more d e f i n i t i v e  answers to th e  q u e s t io n  of 
creep  r a t e  dependence on p a r t i c l e  spac ing . V isu a l comparison of 
f a i l e d  load ing  r a t e  specimens from Batch 2 in d ic a te d  t h a t  thn f in e  
c a rb id e  p o p u la t io n  decreased  w ith  b o th  in c re a s in g  creep r a t e  and 
s t r e s s .  At the  same s t r e s s  the  slow ly  loaded t e s t  p iece  a p p a ren t ly  
con ta ined  fewer f in e  carbides than  th e  r a p id ly  loaded one, aga in  
c o n s i s t e n t  w ith  the  creep  r a t e .  The extremes a re  d ep ic ted  in  
F ig u re  33 and once observed a c o r o l l a r y  i s  p a r t i c l e  spac ing  a n a ly s i s .  
S ec tio n  3 .6  covers th e  a sp ec t  o f  th e  work. I t  was performed because 
th e  spacing  e f f e c t  may have been p re s e n t  in  Batch 1 b u t  n o t  o bv ious ly  
so . Comparison of the  f a i l e d  Batch 2 load ing  r a t e  t e s t  p ie ce  ca rb id e  
p o p u la t io n s  w ith  the  'a s  re c e iv e d '  s t r u c tu r e  re v ea led  a p a u c i ty  and 
inhomogeneity of f i n e  ca rb id e  as shown by F ig u re  34.
Thus th e  f i n e  ca rb id e  p o p u la t io n  of Batch 2 i s  a fu n c t io n  of the  
t e s t  c o n d i t io n s .  The creep r a t e  i s  s t a b l e  e a r ly  in  the  t e s t  as 
d e sc r ib e d  in  3 .3  T here fo re , i f  ca rb id e  spac ing  i s  im portan t in  t h i s  
work the  d e f i n i t i v e  spac ing  must be e s ta b l i s h e d  e a r ly  in  the  t e s t .  
A na lysis  of the  p a r t i c l e  spacing  and of r e l a t io n s h ip s  between spacing  
and o th e r  param eters i s  given in  3 .6 .
3 .6  P a r t i c l e  Spacing A nalysis  of E x t r a c t io n  R ep licas
C a lc u la t io n  of the  mean spac ing  between p a r t i c l e s  i s  no t  a simple 
m a t te r  because few d i s t r i b u t i o n s  a re  homogeneous and many co n ta in
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FIGURE 34 BATCH 2 CARBIDE DISTRIBUTION BEFORE TEST.
EXTRACTION REPLICAS. X 33,000
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p a r t i c l e s  of va ry ing  s i z e .  The method o f d isp la y in g  p a r t i c l e s  fo r
measurement i s  im portan t s in ce  t h i s  can lead  to  m is lead ing  r e s u l t s .
Ashby and Ebeling  ( 1 9 6 6 ) and Prnka ( 1 9 6 9 ) cons i der  th e  problems
to g e th e r  w ith  the  methods of approaching them. F igu re  35, taken  from
Ashby and Ebeling dem onstrates the  main problem a s s o c ia te d  w ith
sam pling, which i s  o b ta in in g  a p la n a r  sample. I f  a l l  p a r t i c l e s  were
known to be of one d iam eter and were la rg e  enough to  be seen under th e
l i g h t  microscope th e  d i s t r i b u t i o n  could e a s i l y  be c a lc u la te d  from a
p o l ish e d  p la n a r  sample. By ig n o r in g  a l l  p a r t i c l e  cross  s e c t io n s  excep t
those  having the  f u l l  d iam eter ,  a re a so n ab le  p la n a r  spac ing  could be
d e r iv ed .  I f  the  p a r t i c l e s  a re  su b -m ic ro s c o p ic ,e x t ra c t io n  r e p l i c a s
a re  n ecessa ry  and as F igu re  35 dem onstra tes ,  th e  r e le a s e  of th e  carbon
f i lm  by e tch in g  w i l l  leave  a l l  of th e  p a r t i c l e s  a t ta c h e d  to  the  f i lm .
Thus p a r t i c l e s  have been removed from a volume and n o t a p la n e .  The
re q u ire d  r e s u l t  i s  the  average c e n tr e  to  c e n tre  spac ing  between a
p a r t i c l e  and i t s  n e a r e s t  neighbour in  a random, th re e  dim ensional a r r a y ,
when measured in  the  volume c o n ta in in g  th e  a r r a y .  The method used
(Ashby and E beling) was to  s p e c i fy  a r b i t r a r y  p a r t i c l e  s iz e  l im i t s  and
f u r t h e r  to  d iv id e  the  f i e l d  in to  a conven ien t number of sm all f i e l d s .
The number of p a r t i c l e s  in  each s i z e  group i s  counted and ta b u la te d .
At the  end of a count on a p l a t e ,  f i lm  e t c . ,  th e  t o t a l  in  each column
i s  o b ta ined  and the  number of p r e c i p i t a t e s  p e r  u n i t  a rea  determ ined
(n ) fo r  each s iz e  s
_ t o t a l  p r e c i p i t a t e s  x a rea  of one f i e l d  
s number of f i e l d s
The number per u n i t  volume (n^) i s  g iven by n ^ /d ,  where d i s  the  mean
diam eter pe r  column.
I n t e r p a r t i c l e  spacings  in  a volume c o n ta in in g  the  a r ra y  a re  g iven
by
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where D i s  the  average c en tre  to  c e n tre  spac ing .
The r e s u l t s  o b ta in ed  were t r e a t e d  to  give two va lu es  of D^, 
one fo r  p a r t i c l e s  whose d iam eter was le s s  than  30oS and the  o th e r  
fo r  p a r t i c l e  d iam eters  g r e a t e r  than  30oR. Those a re  p re sen ted  in  
Table 6 to g e th e r  w ith  the  r e le v a n t  t e s t  d a ta .  The reasons  f o r  
s e p a ra t in g  the  two s iz e s  of p a r t i c l e  a r e ,  f i r s t l y  the  sm all ones a re  
B elieved  to be m ainly  VC^ which p r e c i p i t a t e s  during  c reep .  Secondly 
th e re  i s  no r e a l  g ra d a t io n  of s iz e s  s in ce  th e  VC^ i s  r e l a t i v e l y  
uniform  in  s iz e  whereas the  remaining ca rb id es  v a ry  from 30oS to  
1 ,50oR i n  d iam eter .
TABLE 6
S tr e s s
N/mm^ Loading r a t e Creep r a t e  (ê^)
P a r t i c l e  Spacing (X) in  S
< 30oX d ia . > 30oR d ia .
270 Rapid 4.5 X lo ’ ^ 160 537
270 Slow 1.34 X 10~2 242 737
220 Rapid 3.2 X 10"4 125 508
220 Slow 7.8 X 10"4 161 746
200 Rapid -41 .4  X 10 * 140 758
200 Slow -42.0  X 10 176 597
180 Rapid 4 .0  X lo"^ 133 918
180 Slow 5.7  X lo"^ 141 667
F igu res  36 and 37 show the  r e l a t i o n s h ip  of p a r t i c l e  spac ing  w ith  
s tead y  s t a t e  creep r a t e  and s t r e s s .  A s a t i s f a c t o r y  s e t  of p lo t s  was 
o b ta in e d .  In  o rd e r  to  t e s t  the  r e s u l t s  fo r  p o s s ib le  creep r a t e
-  82 -
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dependence on p a r t i c l e  spacing  th e  model o f  A nse ll  and Weertman 
( 1 9 5 9 ) was used (see  Appendix 5 ) .  T heir eq u a tio n  fo r  h igh  s t r e s s  
creep was as fo llow s
Êg = K  (15)
where X i s  p a r t i c l e  spac ing .
This equa tion  i s  norm ally used to show t h a t ,  a t  co n s ta n t  s t r e s s
ê a X̂  (16)s
In  th e se  t e s t s  the  s t r e s s  was no t  c o n s tan t  and so th e  s t r e s s  term 
must be used . The s t r e s s  exponent determined in  3 .3  had th e  va lue  
of 12. By re -a r ra n g in g  and r e - s t a t i n g  equ a tio n  (15) we o b ta in
( - ^ )  = K  (17)
(T
12by p l o t t i n g  log ( i / o  ) v s .  log  X we can t e s t  f o r  a creep r a t e  
dependence upon X and o b ta in  th e  exponent f o r  X. F ig u re  38 shows 
the  r e s u l t s  p lo t t e d  in  t h i s  form and i t  w i l l  be observed th a t  a s lo p e  
of 2 .5  g ives  the  b e s t  f i t  to  both  s iz e s  of p a r t i c l e s .  I f  th e  creep 
r a t e s  a t  the  d i f f e r e n t  s t r e s s e s  and load ing  r a t e s  a re  dependent 
upon p a r t i c l e  spac ing  th en , by e v a lu a t in g  K fo r  each t e s t ,  f o r  both  
f i n e  and coarse  p a r t i c l e s ,  i t  should  be p o s s ib le  to p r e d ic t  th e  creep 
r a t e s  from a mean va lue  o f  K.
The v a lu es  f o r  K were c a lc u la te d  from the  r e s u l t s  us ing  
eq u a tio n  (18) and a re  g iven in  Table 7.
^  "  12 2.5
cr .X
From the  mean va lu es  of K the  creep r a t e s  f o r  the  t e s t s  were 
p re d ic te d  using  eq u a tio n  (18) and the  r e s u l t s  a re  p re sen ted  in  Table 8 .
I t  i s  considered  t h a t  th e  p re d ic te d  r e s u l t s  a re  in  good 
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• P a r t i c l e s  
< 30oR d ia .
P a r t i c l e s  
> 30oX d ia .
N/mm^ Loading Rate ês
xS -37KxlO xX ” 39KxlO
270 Rapid 4.5 X 10-3 160 9.2 537 4.5
270 Slow 1.3 X 10-2 242 9.8 737 6.1
220 Rapid 3.2 X 10-4 125 14.3 508 4 .3
220 Slow 7.8 X 10-4 161 18.6 746 4.0
200 Rapid 1.4 X 10-4 140 14.6 758 2.2
200 Slow 2.0 X 10-4 176 11.8 597 5 .6
180 Rapid 4.0 X 10-5 133 17.1 918 1.4
180 Slow 5.7 X 10-5 141 21.0 667 4.3





Gg p re d ic te d  
from f in e  
p a r t i c l e s
Gg p re d ic te d  
from coarse  
p a r t i c l e s
-3 -3 —3270 Rapid 4.5 X 10 7.1 X 10 4.0  X 10
—2 -2 —3270 Slow 1.3  X 10 2.0  X 10 8.9 X 10
-4 -4 “ 4220 Rapid 3.2 X 10 3.3  X 10 * 3 .0  X 10
-4 “ 4 “ 4220 Slow 7.8 X 10 6.1  X 10 7.9 X 10
—4 -4 —4200 Rapid 1 .4  X 10 ^ 1 .4  X 10 2.6  X 10
—4 ” 4 —4200 Slow 2.0  X 10 2.5  X 10 1.4  X 10
-5 “5 -4180 Rapid 4.0 X 10 3 .4  X 10 1.2  X 10
180 Slow 5 .7  X 10~5 4.0  X lo"^ 5 .4  X lo ” ^
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3.7 D ensity  Measurements
Measurements were made to  t r y  and d e te c t  changes from specimen 
to  specimen in  the  amount of s t r u c t u r a l  damage of th e  grainboundary 
c a v i ty  type.
The specimens examined were the  load ing  r a t e  s e r i e s ,  u s ing  the  
method and appara tus  d esc rib ed  in  Appendix 3.
Measurements were made p r io r  to  t e s t  and a f t e r  f a i l u r e .  In  
o rd e r  to make the  f i n a l  read ings as s e n s i t i v e  as p o s s ib le  the  ends 
of the  specimens were removed to g e th e r  w ith  about 0 .1  in .  e i t h e r  s id e  
of the  f r a c tu r e  fa c e .  The l a t t e r  was deemed n ecessa ry  to  p rev en t  
t rapped  a i r  or fo re ig n  m a t te r  a t  the  f r a c tu r e  face  from a f f e c t i n g  th e  
re a d in g s .  A d e n s i ty  decrease  was observed in  a l l  specimens of between 
approxim ately  1% and 3% b u t  no t re n d  w ith  re s p e c t  to  o th e r  measured 
param eters  was no ted .
The r e s u l t s  to  fou r  p laces  of decimals a re  g iven in  Table 9.
TABLE 9











3 .8  Hardness Measurements
Hardness va lues  were ob ta ined  from th e  f a i l e d  load ing  r a t e  
specimens to  t e s t  f u r t h e r  th e  c o r r e l a t i o n  of s t r u c t u r e  w ith  the  
param eters  s t r e s s ,  creep r a t e  and p a r t i c l e  spac in g .
The va lues  ob ta ined  a re  p re sen ted  in  Table 10 and were 
ob ta in ed  on a Vickers machine us ing  a 5 Kg load w ith  a diamond 
in d e n te r .
TABLE 10
S tre s s
N/mm^ Loading Rate VPN Mean VPN
270 Rapid 241, 249, 246 245
270 Slow 244, 254, 246 248
220 Rapid 227, 234, 232 231
220 Slow 232, 236, 241 236
200 Rapid 232, 234, 232 233
200 Slow 229, 232, 227 229
180 Rapid 221, 223, 227 224
180 Slow 223, 223, 225 224
These va lues  a re  p lo t t e d  a g a in s t  s t r e s s  in  F igure  39 and a g a in s t  
( lo g  ê^) in  F igure  40, bo th  p lo ts  show a good c o r r e l a t i o n .  F igure  41 
shows th a t  the  r e l a t i o n s h ip  between p a r t i c l e  spac ing  and hardness 
i s  s im i la r  to  th a t  between spac ing  and s t r e s s .  The s i m i l a r i t y  i s  
to  be expected in  view of the  dependence of hardness  upon the  creep 
s t r e s s .  However, only in  the  in s ta n c e  of th e  la rg e  ca rb id es  in  r a p id ly  
loaded t e s t s  i s  the  dependence in  the  expected sense  w ith  hardness 
in c re a s in g  w ith  d ecreas in g  spac ing . The im p l ic a t io n  i s  t h a t  the  
degree of m a tr ix  s t re n g th e n in g  by work harden ing  i s  th e  dominant 
f a c t o r .
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4. DISCUSSION
The most i n t e r e s t i n g  p a r t  of t h i s  re s e a rc h  on ICr.Mo.V. s t e e l  
i s  undoubtedly  the  unexpected v a r i a t i o n  in  creep r a t e  w ith  load ing  
r a t e .  However, the  o r ig in s  of the  work l i e  w ith  th e  unknown response  
of t h i s  s t e e l  to  p r e - s t r a i n i n g  p r i o r  to  c reep . O r ig in a l ly  t h i s  
programme of re s e a rc h  would have been am p lif ied  to  e s t a b l i s h  the  
behav iour of such s t e e l s  in  more complex s i t u a t i o n s  b u t  the  load ing  
r a t e  e f f e c t  became the  im portan t to p ic .
The p r e - s t r a i n  e f f e c t  i s  d iscu ssed  s e p a r a te ly  from the  load ing  
r a t e  e f f e c t  because, a lthough th e re  may be an i n t e r a c t i o n ,  th e  two 
to p ic s  a re  no t in te rd ep en d en t .
4 .1  The E f fe c t  of P r e - S t r a in  upon Creep Behaviour 
In  1.5 the  work in  t h i s  f i e l d  was reviewed, w ith  emphasis upon 
p r e - s t r a i n  a t  e lev a te d  tem p era tu res .  Perhaps the  im pression  given by 
t h i s  review  i s  one of confus ion , t h a t  no d i s t i n c t  t ren d  emerges. The 
key to t h i s  confusion  i s  the  param eter f ( s ) ,  th e  fu n c t io n  of s t r u c t u r e  
a lre a d y  mentioned in  1 .4 .1 .  Goldhoff (1962)^^^^ and 1 9 6 7 ^ ^ ^ \  s t r e s s e s  
t h i s  w ith  p a r t i c u l a r  re fe re n c e  to  ICr.Mo.V. s t e e l .  An im portan t 
f a c to r  i s  whether the  workhardening occasioned  by p r e - s t r a i n i n g  r e s u l t s  
in  e i t h e r  an in c re a se  in  i n t e r n a l  s t r e s s ,  which re q u ire s  recovery  
p ro cesses  to  r e l i e v e  i t ,  o r an in c re a s e  which t r i g g e r s  a f u r th e r  
p rocess  such as r e - c r y s t a l l i s a t i o n  or g ra ingrow th . I f  the  former occurs 
then  the  l i k e l y  p ro c e ss ,  once creep commences, i s  f i r s t  a tendency 
towards a zero o r  n e g a t iv e  creep r a t e  w hile  the  m obile  d i s lo c a t io n  
p o p u la t io n  a ttem pts  to  a t t a i n  a c o n f ig u ra t io n  in  eq u i l ib r iu m  w ith  the  
s t r e s s .  Creep w i l l  then  proceed b u t  a t  a r a t e  which i s  lower than  in  
a ^ p re - s t r a in e d  t e s t  and ap p a ren t ly  from a p o in t  on the  c v s .  t  p lo t  
roughly  e q u iv a len t  to  t h a t  defined  by the  p r e - s t r a i n .  The r a t e  of 
creep w i l l  p robab ly  be somewhat lower than in  a non p r e - s t r a in e d  t e s t
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a t  the  same t o t a l  s t r a i n  v a lu e ,  as M itra  and McLc.an (1967)^^^^ 
observed . They were conducting s t r e s s  re d u c t io n  creep t e s t s  and the 
creep r a t e  a f t e r  reduc ing  the  s t r e s s  was lower than under co n s ta n t  
lo ad . As po in ted  out in  1 .4 .2 ,  t h i s  i s  no t  s u r p r i s in g  s in c e  recovery  
i s  a lo g a r i th m ic  p rocess  and a t  tem peratures  near  the  th re s h o ld  of 
s e l f - d i f f u s i o n  may never be complete in  a p r a c t i c a l  sen se .  Recovery 
in  th e  creep range w i l l  never be complete in  the  t h e o r e t i c a l  sense 
e i t h e r  b u t  once the  r a t e  becomes asym pto tic  to  zero  i t s  e f f e c t  w i l l  
no t be d e te c te d .
I f  p r e - s t r a i n  t r i g g e r s  r e - c r y s t a l l i s a t i o n  o r  gra ingrow th  then
the  s i t u a t i o n  w i l l  be e n t i r e l y  d i f f e r e n t .  Both o f  th e se  p rocesses
remove m a tr ix  d e fe c ts  and s o f te n  the  m a te r ia l  thus le ad in g  to  a h ig h e r
(13)creep r a t e  than normal. Hence the  concern of Davies e t  a l .  (1961) 
th a t  r e - c r y s t a l l i s a t i o n  should no t occur because in  e a r l i e r  t e s t s  a 
decrease  in  creep r e s i s t a n c e  had followed gra ingrow th  caused by p re ­
s t r a i n i n g .
On t h i s  b a s is  a lo n e ,  the  equ ivalence  of creep  s t r a i n  and p l a s t i c  
s t r a i n  cannot be assumed as s t r e s s  a n a ly s ts  would p r e f e r .  The 
p a r t i c u l a r  m a te r ia l  under c o n s id e ra t io n  must be ev a lu a ted  in  th e  
c o n d i t io n  in  which i t  i s  used .
The t e s t s  conducted f o r  t h i s  re s e a rc h  show th a t  ICr.Mo.V. s t e e l  
in  the  f e r r i t e  p e a r l i t e  c o n d i t io n  does no t  e x h ib i t  an equ iva lence  o f  
creep s t r a i n  and p l a s t i c  s t r a i n .  Furtherm ore, the  e f f e c t  on slow ly  
loaded m a te r ia l  i s  to  s t r e n g th e n  i t ,  creep l i f e  tends to  in c re a s e  w ith  
in c re a s in g  p r e - s t r a i n .  The improvement in  l i f e  i s  no t  s u f f i c i e n t  to  
overcome the  adverse  e f f e c t  of slow lo ad in g ,  however. In  r a p id ly  
loaded t e s t s  the  t ren d  i s  fo r  sm all p r e - s t r a i n s  to  reduce l i f e  
markedly b u t  again  th e  h ig h e r  the  p r e - s t r a i n  the  g r e a te r  i s  th e  
improvement in  l i f e .  The h ig h e r  p r e - s t r a i n s  g ive l iv e s  which b eg in  to
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approach the  non s t r a in e d  v a lu e .  F igure  23 shows these  r e s u l t s ,  the  
r a p id ly  loaded t e s t s  be ing  f i t t e d  to  a curve to  in d ic a te  th e  t r e n d .
Another e f f e c t  of p r e - s t r a i n  i s  t h a t  proposed by Davies e t  a l .
(1 3 ) (1 5 ) (1 8 )  ̂ namely the  su p p ress io n  of th e  f a i l u r e  p ro c e ss .  In  1 .4 .3  
t h e i r  concept of grainboundary  ledge fo rm ation  during  load ing  and during  
prim ary c reep , which subsequen tly  become c a v i t i e s  by s l i d i n g ,  i s  
d e sc r ib e d ,  Evans and F i l sh i re ^ ^ ^ ^  have used p r e - s t r a i n  t e s t s  to  
a ttem pt to  prove th a t  such ledges a re  th e  o r ig in s  of th e  f a i l u r e  
mechanism and th a t  p r e - s t r a i n  supp resses  ledge  fo rm ation . I f  t h i s  i s  
v a l id  i t  may be p a r t  of the  e f f e c t  in  th e  ICr.Mo.V. r e s u l t s  and may 
account fo r  the  genera l  in c re a se  in  time to  f a i l u r e  w ith  in c re a s in g  
p r e - s t r a i n  ( ig n o r in g  pure c r e e p ) . T herefo re  i t  i s  proposed to  examine 
the  ICr.Mo.V. r e s u l t s  w ith  a view to  a s s e s s in g  th e  r o l e  of p r e - s t r a i n  
in  modifying the  f a i l u r e  mechanism. I t  w i l l  n o t  account f o r  th e  
change in  creep r a t e  w ith  p r e - s t r a i n  nor f o r  th e  d i f f e r e n c e  between 
th e  s tren g th en ed  s low -load  t e s t s  and th e  weakened r a p id - lo a d  t e s t s .
There i s  however a p o s s ib le  flaw in  Evans and W i l s h i r e ’s method, they  
performed a s e r i e s  of t e s t s  a t  c o n s ta n t  tem p era tu re ,  over a range of 
s t r e s s e s  bu t a p p lied  the  same amount o f  p r e - s t r a i n  to  each specimen.
They p lo t  th ese  and a s e r i e s  of non p r e - s t r a in e d  r e s u l t s  on a 
( t^  X c^) v s .  s t r e s s  p l o t  and o b ta in  th e  l in e s  given in  F igu re  9.
The product ( t^  x i s  d e r ived  and ex p la ined  in  1 .4 .3  From th e  p lo t
i t  i s  apparen t t h a t  the  p r e - s t r a i n  r e s u l t s ,  open c i r c l e s ,  a re  
independent of s t r e s s .  This i s  taken  to  show t h a t  ledge fo rm ation  i s  
re sp o n s ib le  fo r  the  s t r e s s  dependence of the  p ro d u c t .  However, the  
specimens were p r e - s t r a in e d  15% to e l im in a te  prim ary  c reep . A p p lic a t io n  
of a co n s tan t  p r e - s t r a i n ,  in  excess of prim ary creep s t r a i n ,  to 
iso th e rm a l t e s t s  over a range of s t r e s s e s  should  i n t r i n s i c a l l y  modify 
the  p roduc t ( t^  x i^) by a p re d ic ta b l e  amount. Consider th e  case  of
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s e v e ra l  t e s t s  a t  d i f f e r e n t  s t r e s s e s ,  the  s e v e r i t y  o f  a c o n s ta n t  v a lu e  
of p r e - s t r a i n  w i l l  be g r e a t e s t  a t  th e  lower s t r e s s  as in d ic a te d  by 
the  h y p o th e t ic a l  creep curves in  F igure  42. Thus i t  i s  e i t h e r  
f o r t u i t o u s  t h a t  the  va lu e  of Evans and W i l s h i r e ’s p r e - s t r a i n  produced 
a s t r e s s  independent p lo t  o r  i t  w i l l  work f o r  any v a lu e  of p r e - s t r a i n ,  
p o s s ib ly  q u a l i f i e d  by the  e l im in a t io n  of prim ary c reep .
F ig u re  43 shows th re e  curves o f  the  type  given in  F igu re  6, from 
which the  product ( t^  x ê^) i s  d e r iv e d .  I f  a l in e  i s  drawn f o r  a 
c o n s ta n t  v a lu e  of p r e - s t r a i n  th e  fo llo w in g  can be s t a t e d .
TABLE 11
a O rig in a l  t^  reduced* by
cr. t_ — t_ t  , t1 3 1 O' 1
CTrt t^  -  t„ t ^ , t -2 5 2 0* 2
t ,  -  t . t  , t ,3 6 4 O' 4
Now, u s in g  the  r e s u l t s  of Davies e t  a l . ^ ^ ^ \  p r e - s t r a i n  in  a comparable 
a l lo y  to  th a t  used by E v a n s r e d u c e s  th e  s tead y  s t a t e  s t r a i n  r a t e  
by approx im ate ly  an o rd e r  of m agnitude. Furtherm ore , s in ce  the  time 
to  f a i l u r e  i s  l i n e a r l y  p ro p o r t io n a l  to  s t r e s s  in  th e  ICr.Mo.V. 
m a te r i a l  (F igure  24),  and co n s id e r in g  F igure  43, i t  i s  ap p aren t  th a t  
the  g r e a t e s t  re d u c t io n  in  ( t^ )  occurs  w ith  th e  low est s t r e s s  t e s t .  An 
e q u a l ly  p robab le  i n t e r p r e t a t i o n  of Evans and W i l s h i r e ’s r e s u l t s  i s  t h a t  
a s t r e s s  independent p roduct i s  ob ta in ed  by ex haus ting  a quantum of 
the  a v a i l a b le  d u c t i l i t y  in  a p r o p o r t io n a l ly  in v e rse  r e l a t i o n s h ip  w ith  
s t r e s s ,  in  iso the rm a l t e s t s .  I t  i s  proposed t h a t  the  e f f e c t  o f  such a 
p r e ^ a t r a in  is  no t to  suppress  ' l e d g e ’ form ation  b u t  sim ply to  reduce 
tHe a v a i l a b le  d u c t i l i t y  by a p r e d ic ta b l e  amount. The r a p id ly  loaded , 















































































be t r e a t e d  u s ing  an a r b i t r a r y  p l a s t i c  s t r a i n  v a lu e  w ith  which to  o b ta in
v a lu es  of ( t^ )  and (é ) to  produce a t h e o r e t i c a l  va lu e  of ( t_  x c ) .r s f  s
This can be p lo t t e d  a g a in s t  s t r e s s  to  t e s t  the  th e o ry .  I f  t h i s  i s  
s u c c e s s fu l  then  p r e d ic t io n s  of the  e f f e c t  o f  p r e - s t r a i n  a re  then  
p o s s ib le  fo r  m a te r ia l s  which r e a c t  to  p r e - s t r a i n  in  the  same way as 
ICr.Mo.V. s t e e l s .  This would mean th a t  even though creep s t r a i n  and 
p l a s t i c  s t r a i n  were n o t  e q u iv a le n t  the  a c tu a l  re d u c t io n  in  l i f e  was 
p r e d ic ta b l e ;  no t because the  f a i l u r e  mechanism had been suppressed  
b u t  because the  product was no longer equal to  a c o n s ta n t ,  thus
( t f  X ê^) = K -  fCCp)
where fCc^) i s  a fu n c t io n  of p r e - s t r a i n .
(19)
T here fo re , u s in g  F igu re  21 and a p r e - s t r a i n  v a lu e  of 1.0%, va lues  
f o r  ( t^ )  can be e x t r a c te d  and combined w ith  the  o r ig i n a l  s t r a i n  r a t e s ,  
reduced by an o rd e r  of magnitude, to  o b ta in  the  p roducts  g iven in  the  
fo l lo w in g  t a b le .
TABLE 12
N/mm^ New t^  (h rs ) New é s P roduct ( t -  X 6 ) r s
-2270 24 4.5  X 10 * 1.08 X 10
220 165 4.4  X 10 ^ 7.3 X 10“ ^
200 380 1 .4  X 10 ^ 5 .3  X 10“ ^
-3
180 1260 4 .0  X 10 5.1  X 10
I f  the  t h e o r e t i c a l l y  de rived  va lues  of the  p roduct a re  p lo t t e d  
a g a in s t  s t r e s s ,  to g e th e r  w ith  the  non p r e - s t r a in e d  v a lu e s ,  the  l i n e s  in
F ig u re  44 a re  o b ta in ed . The p lo t  through th e  p re d ic te d  p o in ts  i s
pu rp o se ly  drawn p a r a l l e l  to  the  s t r e s s  a x is  even though t h i s  i s  n o t  an
ex ac t  'b e s t  f i t ' .  I t  i s  conside red  t h a t  th e  p o in ts  f i t  such a l i n e
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w e ll  enough to g ive  e x c e l le n t  s u p p o r t  f o r  th e  th eo ry .  A t e s t  fo r  t h i s  
behav iour in  an unknown m a te r ia l  would th e r e f o r e  be a s e r i e s  o f  th re e  
o r  fo u r  iso the rm a l t e s t s  a t  d i f f e r e n t  s t r e s s e s  b u t  c o n s ta n t  p r e - s t r a i n .  
I f  a s t r e s s  independent p roduct was then  ob ta in ed  a complete s e t  of 
r e s u l t s  could then be produced by p r e - s t r a i n i n g  specimens to  th e  upper 
and lower p re —s t r a i n s  of i n t e r e s t  p lu s  two o r  th re e  in te rm e d ia te  
v a lu e s .  These could be t e s t e d  a t  co n s ta n t  s t r e s s ,  p lo t t e d  on 
a v s .  ( t^  X ê^) axes and l in e s  through the  p o in ts  drawn p a r a l l e l  to  
the  s t r e s s  a x i s .  Thus v ia b le  p r e d ic t io n s  could be made f o r  any s t r e s s  
o r  p r e - s t r a i n ,  w i th in  the  l im i t s  s e t ,  a f t e r  f iv e  o r  p o s s ib ly  seven 
t e s t s .  The in d ic a t io n  t h a t  the  theo ry  works on an e n t i r e l y  d i f f e r e n t  
m a te r ia l  to  the  d i l u t e  s o l id  s o lu t io n  of Evans and W ilsh ire  im p lies  a 
wide a p p l ic a t io n .
F i n a l ly ,  F igure  20 shows a l l  o f the  p r e - s t r a i n  r e s u l t s  p l o t t e d  
on ( t )  v s .  (Êg) axes to  exp lo re  th e  dependence of ( t^ )  and ( t^ )  on 
creep r a t e .  The p o in ts  do no t l i e  on a l i n e  w ith  a s lope  of one as 
p re d ic te d  by the  equ a tio n
( t -  x ê ) = K (20)r s
bu t  in d ic a te  a s t r a i n  r a t e  exponent of 0 .6  and a v a lu e  f o r  K o f 1 .2  
f o r  ( t ^ ) .
I t  may th e re fo re  be s t a t e d  t h a t  the  e f f e c t  o f  p r e - s t r a i n  in  
r a p id ly  loaded t e s t s  i s  most p robab ly  to  promote the  g ra ingrow th  
observed in  th e se  specimens. In  the  slow ly  p r e - s t r a in e d  specimens the  
e f f e c t  may w ell be s t r a ig h t fo rw a rd  workhardening w ith  a consequent 
in c re a se  in  l i f e  due to  s lu g g ish  recovery  p ro cesses  causing  a lower 
creep r a t e .
Suppression  of gra inboundary  ledge fo rm ation  and th e r e f o r e  of the  
f a i l u r e  mechanism cannot be ru le d  o u t .  The concept o f  c a v i t i e s  formed
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in  t h i s  manner i s  sound. However, th e  fo rego ing  a n a ly s is  does not 
support the  view t h a t  p r e - s t r a i n  a f f e c t s  th e  p rocess  and even i f  i t  
does occur th e re  i s  no reason  to  b e l ie v e  th a t  gra inboundary  s l i d in g  
i s  confined  to  prim ary c reep . S l id in g  may even be promoted in  a p re ­
s t r a in e d  m a te r i a l  p a r t i c u l a r l y  in  th e  slow ly  loaded t e s t s  where longer  
l i v e s  ensue. What does emerge from the  a n a ly s is  of Evans and 
W i l s h i r e 's  work i s  a method f o r  t e s t i n g  m a te r ia l s  by which th e  p re ­
s t r a i n  response  may be recogn ised  and e x t r a p o la te d .
4.2  The Dependence of Creep Rate upon Loading Rate
The e x is te n c e  of a marked load ing  r a t e  e f f e c t  i s  in d i s p u ta b le .  
F ig u res  17, 18 and 21 amply dem onstrate  t h i s .  The problem i s  to  d e f in e  
th e  f a c t o r ( s )  r e s p o n s ib le  f o r  such a phenomenon s in c e  t h i s  i s  a commonly 
used m a te r i a l  and th e  e f f e c t  has no t been p re v io u s ly  re p o r te d .  The 
im p l ic a t io n  i s ,  t h e r e f o r e ,  t h a t  th e  cause l i e s  w ith  the  type  o f  p ro cess  
which i s  s e n s i t i v e  to  a c r i t i c a l  change in  energy . For example, 
gra ingrow th  i s  such a p ro c e ss ,  which under th e  r i g h t  co n d i t io n s  i s  
s e n s i t i v e  to  a c r i t i c a l  amount of workhardening and may produce ve ry  
la rg e  g r a in s .
I t  would seem to  be p e r t i n e n t  to see how w e ll  th e  d a ta  f i t  
e x i s t in g  models and to  modify th e se  as n e ce ssa ry .
Consider f i r s t  some f a c to r s  which a re  not only  im portan t b u t can 
be regarded  as unambiguous and r e l a t e  to  b o th  load ing  r a t e s .
4 .2 .1  P o s s ib le  models f o r  r a t e  c o n t r o l l in g  f a c to r s
The tem perature  dependence of the  creep r a t e  y ie ld e d  a v a lu e  fo r  
Q of ^ 100 kcal/m ol in  th e  eq u a tio n
_
= Ae (21)
This i s  ve ry  h igh  bu t  the  p l o t  shown in  F igu re  25 shows a good 
f i t  to  th e  experim ental p o in t s .  Myers e t  a l .  (1968)^^^^ o b ta in ed  a
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s im i la r  va lu e  of Q fo r  creep in  th e  same m a te r ia l  so t h a t  th e  r e s u l t  i s  
no t unsupported .
In  a d d i t io n ,  th e  development of a m a tr ix  ca rb id e  d i s p e r s io n  was
e s ta b l i s h e d .  The spac ing  of th e  ca rb id e s  i s  a p p a ren t ly  too sm all fo r
d i s lo c a t io n s  to  bow between the  p a r t i c l e s  accord ing  to  Myers e t  a l .
(55)(1968) . The spac ing  which would perm it d i s lo c a t io n s  to  bow i s
given by
X = (22)
and y ie ld s  a va lu e  of 3,000R f o r  the  low est s t r e s s  used in  th e se  
t e s t s  which i s  a t  l e a s t  an o rd e r  o f  magnitude g r e a te r  than the  
ex p e r im en ta l ly  de r ived  va lu es  f o r  f in e  c a rb id e s .
Thus the  r a t e  c o n t r o l l in g  mechanism fo r  creep in  both  s low ly
and r a p id ly  loaded t e s t s  ought to  be independent of p a r t i c l e  spac in g .
The r e s u l t s  in d ic a te  p o s i t i v e l y  t h a t  a r e l a t i o n s h ip  e x i s t s  between
p a r t i c l e  spacing  and creep  r a t e .  Now, th e  p a r t i c l e  spac ing  i s
de fined  by the  creep t e s t  param eters  in  Batch 2 and m odified  by them
in  Batch 1. I t  might th e re fo re  be argued t h a t  s in ce  the  spac ing  i s
c o n t ro l le d  by the  t e s t  i t  cannot r e c ip r o c a l ly  c o n tro l  the  t e s t .
N e v e r th e le s s ,  the  p a r t i c l e s  e x i s t ,  i n  a f in e  d i s p e r s io n ,  and may not
be igno red . The choices a re  t h a t  they  e x i s t  as p l a t e s  on p lanes  which
a re  n o t ,  o r  need no t be , used f o r  s l i p  and do no t form p in n ing  p o in ts
fo r  d i s lo c a t io n s ,  or they  do a c t  as b a r r i e r s ;  o r  d i s lo c a t io n s  can pass
through them. Whichever i s  the  c o r r e c t  i n t e r p r e t a t i o n  the  a c t i v a t io n
energy f o r  the  p rocess  i s  h ig h . This ru le s  o u t a creep mechanism in
which s e l f  d i f f u s io n  in  the  m a tr ix  i s  r a t e  c o n t r o l l in g  s in ce  th e  va lue
of Q has a maximum of 80 kca l/m o l fo r  i ro n  and h igh  i ro n  co n ten t
a l lo y s .  G enera lly  th e  v a lu e  i s  about 60 k ca l/m o l.  However, some
i n t e r e s t i n g  f a c t s  emerge from a c o n s id e ra t io n  of th e  a c t i v a t io n
(21)en erg ies  fo r  c reep . G ara fa lo  (1965) , in  h i s  Table 4 .2 ,  g ives  va lu es
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f o r  Q which, in  p l a in  carbon s t e e l s  r i s e  from 61.2 kcal/m ol a t  0.05%C 
to 102.6 kcal/m ol a t  0.79%C. Thus as the  p e a r l i t e  con ten t in c re a s e s  
towards the  100% va lue  a t  the  e u te c to id  com position the  a c t i v a t i o n  
energy in c re a s e s ,  which i s  c o n s i s te n t  w ith  a d ec reas in g  mean f r e e  p a th  
fo r  d i s lo c a t io n s  b e fo re  m eeting a cem en tite  i s l a n d .  I t  i s  a lso  
c o n s i s te n t  w ith  d i f f u s io n  c o n t ro l le d  creep where e i t h e r  climb i s  a 
len g th y  p rocess  due to  th e  b a r r i e r  h e ig h t  and hence climb d i s ta n c e ,  
or to  a s e v e re ly  reduced i ro n  m a tr ix  volume p lu s  the  n e c e s s i ty  to  cu t 
the  massive c a rb id e s .  Other d is p e r s io n s  have a h ig h  v a lu e  f o r  Q, such 
as the  S.A.P. a l lo y s  where alumina i s  d isp e r se d  in  aluminium, h e re  the  
va lue  of Q r i s e s  from the  normal aluminium a l lo y  va lu e  of 30 -  40 kcal/m ol
to  va lu es  fo r  S.A.P. of 37 to  300 kcal/m ol depending on th e  d i s p e r s io n .
( 1) ’ .A nse ll  and Weertman (1959) derived  t h e i r  model, used in  t h i s  t h e s i s ,  
because the  a c t i v a t i o n  energy f o r  creep in  t h e i r  S.A.P. a l lo y  was 
150 k ca l/m o l.  They assume two th ings  in  develop ing  t h e i r  argument, 
one i s  th a t  f o r  a d is p e r s io n  hardened a l lo y  th e  r a t e  c o n t r o l l in g  p rocess  
i s  th e  climb of d i s lo c a t io n s  over second phase p a r t i c l e s ,  th e  second 
assumption concerns the  n a tu re  of the  d i s lo c a t io n  g e n e ra t io n  p rocess  
in  d is p e r s io n  hardened m a tr ic e s .  E i th e r  Frank-Read sources a re  p re s e n t  
in  a th re e  dim ensional network o r ,  i f  the  p a r t i c l e  spac ing  i s  sm all ,  
s h o r t  d i s lo c a t io n  l in e s  may e x i s t  between p a r t i c l e s  and th e se  under 
s t r e s s ,  may a c t  as so u rc e s .  I t  i s  the  l a t t e r  p rocess  which may w ell  
be r a t e  c o n t r o l l in g  in  the p re s e n t  m a te r ia l  and a s l i g h t l y  m odified  
v e r s io n  of A nse ll and Weertman's schem atic  drawing w i l l  e x p la in  the  
p r i n c i p l e .  T heir  o r ig i n a l  drawing i s  g iven in  F ig u re  1, Appendix 5 
and th_e m odified  v e rs io n  in  F ig u re  45. T heir  model i s  p e r f e c t l y  f e a s ib l e  
and i t  has found a wide use in  ex p la in in g  the  creep r a t e s  o b ta in ed  in  
d is p e r s io n  hardened m a te r i a l s .  A resumé o f t h e i r  p roposa ls  i s  g iven 
in  Appendix 5. I t  f i t s  the  r e s u l t s  of the  t e s t s  d e sc r ib ed  in  t h i s
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th e s i s  and m ust, i f  accep ted , c a s t  doubt upon the accuracy  of th e  
o = Eb/X ex p re ss io n .  P robably  t h i s  e x p re ss io n  i s  an over s i m p l i f i c a t i o n  
of the  r e l a t i o n s h ip  between th e  param eters  used and should  be q u a l i f i e d  
by use of a c o r r e c t io n  f a c t o r .  C o rrec t io n  f a c to r s  a re  somewhat 
u b iq u i to u s  b u t  a re  o f te n  n e cessa ry  in  s i t u a t i o n s ,  such as t h i s ,  where 
a complex f a c to r  i s  p re s e n t  such as f ( s ) ,  the  fu n c t io n  o f  s t r u c t u r e .
The h igh  creep r a t e s  a t t a in e d  in  the  ICr.Mo.V. a re  accounted fo r  
in  the  model by a s t r e s s  exponent of 12 compared to 4 in  A n se ll  and 
Weertman*s case .
Thus i t  i s  p o s s ib le  th a t  the  r a t e  c o n t r o l l in g  mechanism in  th e  
creep of any d is p e r s io n  hardened m a te r ia l  i s ,  a t  h igh  p a r t i c l e  sp ac in g s ,  
th a t  f o r  s e l f  d i f f u s io n .  As the  p a r t i c l e  spac ing  decreases  an 
in c re a s in g  number of d i s lo c a t io n s  a re  fo rced  between p a r t i c l e s  le av in g  
loops which have to  climb over th e  p a r t i c l e s  b e fo re  f u r t h e r  loops can 
form. The r a t e  c o n t r o l l in g  mechanism f o r  climb under th e se  c o n d i t io n s  
i s  n o t ,  from experim en ta l ev idence , the  r a t e  of a r r i v a l  o f  v acan c ie s  
b u t  climb d is ta n c e  and the  frequency  w ith  which the  lo c a l  energy 
a t t a i n s  a va lue  high enough to  promote c lim b.
A f u r t h e r  p o s s i b i l i t y  i s  t h a t  d i s lo c a t io n s ,  pinned by p re ­
c i p i t a t e s  and obeying the  concept th a t  bowing between p a r t i c l e s  i s
r e s t r i c t e d  accord ing  to  o = E b / \ ,  may climb over th e  b a r r i e r s  by
(3)becoming Bardeen-Herring sources (Bardeen and H erring  1952) . Such
a source  i s  c re a te d  by an edge d i s lo c a t io n  pinned a t  some sp ac in g  L. 
Assuming th a t  s l i p  cannot occur in  the  g l id e  p lane  i t  i s  p o s s ib le  f o r  
th e  l i n e  to  bow in  the  climb p lan e  and a c t  as a source  producing  
e i t h e r  an in c reased  h a l f  p lane  o r  a decreased  h a l f  p la n e .  The f i r s t  
case  a r i s e s  when th e re  i s  le s s  than  th e  e q u i l ib r iu m  c o n c e n tra t io n  of 
v a c a n c ie s  and more a re  c re a te d  by removing atoms from ad jac e n t  p lan es  
to  form th e  ex tending  h a l f  p la n e .  The second case a r i s e s  when th e re
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i s  an excess of vacanc ies  and the  loop formed by the  source  w i l l  draw 
on th e se  to  remove a p lan e  of atoms. The c r i t e r i o n  f o r  o p e ra t io n  of 
t h i s  source , accord ing  to  Bardeen and H err in g ,  i s  th a t  the  ap p l ie d  
s t r e s s ,  cr, s a t i s f i e s  the  equation-
a k ^  (23)
where G is  the  shear  modulus, b i s  Burgers v e c to r  and L the  le n g th  of 
pinned d i s lo c a t io n .  A mechanism such as t h i s  can o p e ra te  a t  the  low est 
s t r e s s e s  employed in  th e se  t e s t s .  The source  i s  sch e m a tic a l ly  
re p re se n te d  by F igure  46 and should  op e ra te  as in  the  second case  
u s ing  the  vacancy excess assumed to  e x i s t  a t  the  p a r t i c l e / m a t r i x  
i n t e r f a c e  by A nse ll and Weertman ( 1 9 5 9 ) .  Gibbs and H a rr is  (1969) 
p o in t  ou t th a t  in  o rder  to  be a d e fe c t  s o u rc e /s in k  an i n t e r f a c e  cannot 
be coheren t and should p re fe ra b ly  be in c o h e re n t .  Sem i-coherent 
in t e r f a c e s  can a c t  as so u rc e s /s in k s  i f  th e re  i s  a lo c a l  in c re a s e  in  
e l a s t i c  s t r a i n  energy. The d i f f u s io n  r a t e  of vacanc ies  a t  p a r t i c l e /  
m a tr ix  in te r f a c e s  i s  re p o r te d  (Gibbs and H a r r is )  to  be s e v e ra l  o rd e rs  
of magnitude g r e a te r  than in  the  l a t t i c e  and th i s  must enhance such a 
mechanism. Support fo r  a p rocess  inv o lv in g  Bardeen-H erring sources  
a lso  comes from the h igh  s t r e s s  index va lue  o b ta ined  f o r  th e se  t e s t s .
Consider now the s o lu te  drag model proposed i n i t i a l l y  by R u sse l l  
e t  a l .  (1968)^^^^ and used by Myers e t  a l .  (1968)^^^^ in  t h e i r  a n a ly s is  
of the  creep behaviour of ICr.Mo.V. s t e e l .  They assumed th a t  
d i s lo c a t io n s  had to  climb over p a r t i c l e s  because the  s t r e s s  was n o t 
h ig h  enough to bow p a r t i c l e - p in n e d  d i s lo c a t io n s  s u f f i c i e n t l y  f o r  them 
to  a c t  as so u rces .  I t  was shown th a t  sim ple climb based on th e  d i f f u s io n  
of vacanc ies  was not r a t e  c o n t r o l l in g  because the  a c t i v a t io n  energy  was 
too h igh a t  95 k ca l/m o l.  Their s o lu te  drag model was based on 
vanadium-carbon p a i r s  d i f f u s in g  to  d i s lo c a t io n s  and p inn ing  them.
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’Re p r e s e n t a t i o n  o e  a
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(32)A s im i la r  approach has been made by Goldhoff and B e a t t i e  (1965) 
in  which they  a sse ss  the  p o s s i b i l i t y  of MOgC p r e c i p i t a t i o n  on 
d i s lo c a t io n s .  They observed such p r e c i p i t a t e s  in  forged  ICr.Mo.V. 
s t e e l s  and so compared the  d i f f u s io n  v e lo c i ty  of molybdenum w ith  th e  
d i s lo c a t io n  v e lo c i ty  and concluded th a t  th e  p rocess  was p o s s ib le  a t  
t h e i r  lower s t r a i n  r a t e s .
In  th e  t e s t s  p re sen te d  here  th e re  was copious vanadium c a r b id e .
I f  vanadium in  s o lu t io n ,  in  eq u il ib r iu m  w ith  th ese  p r e c i p i t a t e s ,  can 
d i f f u s e  to d i s lo c a t io n s  then  a s o lu te  drag e f f e c t  can a t  l e a s t  
c o n t r ib u te  to the  creep r a t e  c o n t r o l l in g  p rocess  and may even by th e  
r a t e  c o n t r o l l in g  f a c to r .
The average d i s lo c a t io n  v e lo c i ty  may be ob ta ined  from
where p i s  the  d i s lo c a t io n  d e n s i ty ,  b the  Burgers v e c to r  and V^ th e  
d i s lo c a t io n  v e lo c i ty .  Using Myers va lu e  fo r  p^ in  t h i s  m a te r i a l  and
the  h ig h e s t  va lue  of i  observed in  th e se  t e s t s  a v e lo c i ty  of
**6 • • • • •^  5 X 10 cm.sec i s  o b ta in ed . A s im i la r  c a lc u la t io n  f o r  th e  low est
-8  - Iobserved s t r a i n  r a t e  y ie ld s  a v e lo c i ty  o f  ^ 1 x 10 cm.sec
The l a t t i c e  d i f f u s io n  v e lo c i ty  fo r  vanadium may be  o b ta in ed
from
\  = I ;
where F i s  the  f lu x  and p^ the  d e n s i ty  of vanadium in  the  m a tr ix  
a d jac e n t  to the  p r e c i p i t a t e s .
Now F i s  u s u a l ly  expressed  as
F = -  D (26)
Ax
where -  D i s  the  d i f f u s io n  c o n s ta n t ,  AC i s  th e  c o n c e n tra t io n  in  
s o lu t io n  and Ax the  d is ta n c e  over which d i f f u s io n  i s  be ing  co n sid e re d .
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So, u s in g  equations (25) and (26) we may w r ite  that
D i s  d e rived  from the  conven tional equa tion
_ 5 _
D = Ae (28)
in  which A has a v a lu e  of O.lO f o r  vanadium in  a  i ro n ,  Q i s  61.5 kca l/m o l
fo r  a i ro n ,  T i s  823°K and R i s  th e  gas c o n s ta n t .  E v a lu a tin g  th e
-14 2 -1eq u a tio n  y ie ld s  a va lu e  of 4.65 x 10 cm .s e c  f o r  D.
Ax may be ass igned  the  va lu e  most fav o u rab le  to  a s o lu te  drag
model, i . e .  t h a t  fo r  the  sem i-spacing  o f th e  h ig h e s t  d e n s i ty  of
“ 7vanadium c a rb id e ,  t h i s  g ives a magnitude of ^  7 x 10 cm.
— DThe derived  d i f f u s io n  v e lo c i ty  f r o m i s  th e re fo re  
^ 7 X 10 cm.sec
-9  -1Comparing the  v a lu e  o b ta ined  fo r  o f  7 x 10 cm.sec w ith
the  l im i t in g  v a lues  f o r  which are  5 x 10 ^ cm.sec  ̂ and
-8  -11 X 10 cm.sec , i t  i s  p o s s ib le  th a t  vanadium may e x e r t  a drag a t  
the  low est s t r a i n  r a t e s  b u t  no t i n  th e  m a jo r i ty  of t e s t s .
A f u r th e r  model which i s  o f  i n t e r e s t  i s  t h a t  proposed by Coble 
(1963)^^^^ fo r  grainboundary d i f f u s io n  c o n t ro l le d  creep in  p o ly ­
c r y s t a l l i n e  m a te r i a l s .  The p rocess  i s  e s s e n t i a l l y  one o f  mass t r a n s f e r  
v ia  g ra in b o u n d a r ie s . Creep i s  thought to  occur due to  th e  f a c t  t h a t  
the  vacancy flow w i l l  tend to  be from g ra in b o u n d arie s  which a re  normal 
to  th e  s t r e s s  ax is  to  those  p a r a l l e l  to  the  a x is .  This r e s u l t s  in  an 
e f f e c t i v e  t r a n s f e r  of atoms in  th e  r e v e rs e  d i r e c t i o n  so th a t  g ra in s  
grow in  leng th  in  the  t e n s i l e  d i r e c t i o n  and t h e i r  t r a n s v e r s e  c ro ss  
s e c t io n  reduces p r o p o r t io n a te ly .
Since i t  i s  known th a t  l a t t i c e  d i f f u s io n  (D^) i s  le s s  r a p id  than  
grainboundary d i f f u s io n  (D^) i t  fo llow s th a t  any p rocess  dependent 
upon d i f f u s io n  would be enhanced i f  were r a t e  c o n t r o l l in g .  In  the
-  1 1 0  -
case of creep th i s  w i l l  obv iously  apply  b u t  the  more common s t r u c tu r e s
have a h igh  r a t i o  of m a tr ix  volume to boundary volume and although
w i l l  make a c o n t r ib u t io n  to  the  deform ation p rocess  i t  w i l l  be
i n s i g n i f i c a n t .  Only when the  grainboundary volume a t t a i n s  s i g n i f i c a n t
p ro p o r t io n s  and i s  l im i te d  does become im portan t o r ,  in  some
in s ta n c e s ,  r a t e  c o n t r o l l in g .  For to  be th e  dominant f a c to r  in
defo rm ation , the  r o le  of must be sm all and hence the  p ro cesses
dependent upon i t  i n s i g n i f i c a n t .  Thus, excep t in  a ve ry  th in  l a y e r
of l a t t i c e  ad jacen t  to  th e  boundary , recovery  w i l l  be com parative ly
s lu g g ish  and recovery  creep w i l l  no t dominate. This i s  th e  o p p o s ite
end of the  s c a le  from the  h igh  tem peratu re  p rocess  of H erring-N abarro
(23)creep and, as Gibbs (1964) p o in ts  o u t ,  a t  'low* tem peratures  
(< 0 .6  Tm) and fo r  s u f f i c i e n t l y  sm all g r a in s ,  becomes r a t e  
c o n t r o l l in g .
Since th ese  co n d it io n s  a re  met by the  param eters  in  th e  t e s t s  
d e sc r ib ed  in  t h i s  work i t  i s  p e r t i n e n t  to  apply  C ob le ’s model. A 
s p h e r ic a l  g ra in  i s  assumed s in ce  t h i s  analog can be compared w ith  
N ab arro 's  ( 1 9 4 8 ) model  fo r  l a t t i c e  d i f f u s io n .  An a p p lied  s t r e s s  
across  such a g ra in ,  say  from p o le  to  p o le ,  w i l l  d i s tu rb  th e  
e q u i l ib r iu m  c o n ce n tra t io n  of vacanc ies  and cause a flow from the  
po les  to  the  e q u a to r .  As a s o u rc e /s in k  f o r  vacan c ies  the  g ra inboundary  
i s  e x c e l le n t  and Coble f in d s  th e  d i f f u s io n  f lu x  to  be i n s e n s i t i v e  to  
the  u n ifo rm ity  of the  source and s in k .  The ex p re ss io n  o b ta in ed  by 
Coble i s
150.o.D .W.fi
ê = -------------   (29)
tt.G .k.T
where W i s  grainboundary w id th ,  i s  the  volume o f a vacancy and G i s  
the  average g r a in s iz e .  The o th e r  symbols have the  usua l meaning.
S ince , in  p r a c t i c e ,  (D^.W) i s  ob ta in ed  as a s i n g l e  f ig u re  i t  i s  no t
-  I l l  -
proposed to  e s t im a te  the  va lue  of W b u t  to  employ a v a lu e  f o r  the  
p ro d u c t .  Using a t e s t  r e s u l t  a t  550°C, 270 N/mm^ and the  a p p ro p r ia te  
creep  r a t e  the  ex p re ss io n  may be t r e a t e d  to y ie ld  a mean g ra in  s iz e  
f o r  comparison w ith  the  r e s u l t s  ob ta in ed  on th e  ICr.Mo.V. m a te r i a l .
Using the  va lu e  of (1 .5  x 10 ^ .e  44,000/RT^ fo r  (D^.W),
8.25 X 10 cm  ̂ fo r  0 and 3 x 10  ̂ cm/cm/sec fo r  e, eq u a tio n  (29) 
may be re -a r ra n g e d  and eva lua ted
150.CT. (D .W) .fi
G =     (30)
IT.ê . k.T
y ie ld in g  a r e s u l t
G ~ 50 pm (31)
T h e re fo re ,  i f  C ob le 's  model i s  accepted  and from the  l i t e r a t u r e  i t  i s ,  
th e r e  should be a c o n t r ib u t io n  a t  l e a s t  from to  th e  creep r a t e  
s in c e  t h i s  o rd e r  of g r a in s iz e  f i t s  the  observed va lu es  f o r  th e  'a s  
r e c e iv e d '  m a te r ia l  and fo r  much of th e  f a i l e d  m a te r i a l .
C onsidering  th e  d is c u s s io n  on r a t e  c o n t r o l l in g  f a c t o r s ,  th e  models 
of A nse ll  and Weertman, Bardeen and H erring  p lu s  t h a t  of Coble a re  a l l  
capable  of being  f i t t e d  to  a g en era l  model f o r  th e  creep r a t e s  observed 
in  th e se  t e s t s .
The proposed g en e ra l  model i s  t h a t  th e  creep r a t e  i s  p r im a r i ly
dependent upon both  p a r t i c l e  s i z e  and spac ing  and obeys a m odified
A n se ll  and Weertman equ a tio n  of th e  form
» ^ 12 ,2 .5  _
c = ^  (32)
® h .y  .k.T
In  s im p l i f ie d  form th e  e x p re ss io n  becomes
Eg = (33)
The h ig h  a c t i v a t i o n  energy of 100 kcal/m ol i s  assumed to  be due to  
th e  climb d is ta n c e  f o r  d i s lo c a t io n s  to move p a s t  p a r t i c l e s  and to  the  
mechanism (p o s s ib ly  Bardeen-H erring type) by which climb i s  ach ieved .
-  1 1 2  -
I t  has been demonstrated th a t  a s t r e s s  dependent mechanism such as th e  
o p e ra t io n  of Bardeen-Herring sources i s  p o s s ib le  and th a t  th e  creep 
r a t e s  may be accounted f o r  on t h i s  b a s i s .
The c o n t r ib u t io n  of g ra in  boundary d i f f u s io n  creep to  th e  creep 
r a t e  i s  d i f f i c u l t  to  a ss e s s  and i t  must th e r e f o r e  be inc luded  in  the  
co n s tan t  of equation  (33) .
Having e s ta b l i s h e d  a model fo r  th e  o v e r a l l  r a t e  of creep a 
hy p o th es is  must be formed to  account fo r  th e  load ing  r a t e  phenomenon.
4 .2 .2  The e f f e c t s  of load ing  r a t e
The e f f e c t  of a slow o r  ra p id  load was r e a d i ly  apparen t a t  an 
e a r ly  s tag e  of each t e s t ,  p a r t i c u l a r l y  in  Batch 1 where th e  m a te r ia l  
was extrem ely s e n s i t i v e  to  load ing  r a t e .  So much so t h a t  w i th in  a 
few minutes i t  was p o s s ib le  to  judge the  creep r a t e  and be c e r t a i n  t h a t  
the  t e s t  would f a l l  in to  a p a r t i c u l a r  c a tego ry  o f  behav iour .  T herefo re  
th e  s t r u c t u r a l  m o d if ic a t io n  n ecessa ry  to  produce th e  d i f f e r i n g  creep 
behaviour must be e f f e c te d  e a r ly  in  the  t e s t .
The s t r u c t u r a l  f e a tu r e  which showed the  g r e a t e s t  response  to  
loading r a t e  was of course  the  ca rb id e  p o p u la t io n  and d i s t r i b u t i o n .
Creep r a t e  and spacing  c e r t a i n l y  show a r e l a t i o n s h ip  and i t  i s  contended 
t h a t  creep r a t e  i s  dependent upon a ca rb id e  spac ing  which i s  de f ined  
e a r ly  in  the  t e s t .
For such a co n ten t io n  to  be v ia b le  the  ca rb id e  must be p r e ­
c i p i t a t e d  r a p id ly  in  both  a p r e - s t r a i n  r a t e  and s t r e s s  dependent manner. 
One d i f f i c u l t y  i s  to  ex p la in  why vanadium c a rb id e  has no t formed during  
th e  h e a t  t rea tm en t s in c e  i t  i s  thermodynamically s t a b l e  below about
1,730°C. However o th e r  w orkers , Jusko and Gut (1966) Goldhoff
(32)and B e a t t i e  (1965) , have re p o r te d  p r e c i p i t a t i o n  during  creep as
s t a t e d  in  1 .4 .2  and th e r e  i s  no doubt th a t  p r e c i p i t a t i o n  occurred  in  th e  
t e s t s  r e p o r te d  h e re .
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A p o s s ib le  ex p lan a t io n  of th e  su p p re ss io n  of vanadium carb id e
fo rm ation  i s  t h a t  under th e  c o n d i t io n s  imposed th e  l a t t i c e  s t r a i n
(25)energy a s s o c ia te d  w ith  n u c lé a t io n  i s  too h ig h ,  Gibbs (1970) . The
p o s tu l a t e  i s  t h a t  t h i s  lo c a l  l a t t i c e  s t r a i n  energy i s  s u i t a b ly  
lowered to perm it n u c lé a t io n  to  o ccu r .  Such a s t a t e  would e x i s t  i f  
an excess of vacan c ies  was c re a te d .
For such a model to  apply in  t h i s  case  i t  must account f o r  the  
d i f f e r e n t  c a rb id e  spacings  in  r a p id ly  and slow ly loaded t e s t s .
I t  i s  proposed t h a t  th e  c o n d i t io n s  c re a te d  during  lo ad in g  a t  th e  
d i f f e r e n t  r a t e s  g ive  the  co n d i t io n s  n e ce ssa ry  f o r  n u c lé a t io n .  Furtherm ore , 
s in c e  i t  i s  observed th a t  the  ' i n s t a n t a n e o u s ’ s t r a i n  imposed during 
load ing  i s  of the  same o rd e r  of magnitude in  bo th  cases i t  i s  re a so n ab le  
to  assume th a t  the  v acanc ies  c re a te d  during  t h i s  deform ation  a re  
n u m erica l ly  of the  same o rd e r  a l s o .  However, th e re  i s  obv ious ly  a 
c r i t i c a l  vacancy in c re a s e  n e cessa ry  to  lower th e  th re sh o ld  n u c lé a t io n  
energy and i f  the  r a t e  of vacancy g e n e ra t io n  i s  too low then  e i t h e r  
no n u c lé a t io n  w i l l  occur o r  i t  w i l l  be reduced . Such a re d u c t io n  would 
decrea se  the  number of n u c lé a t io n  s i t e s .  This i s  c o n s i s te n t  w ith  a 
s low ly  loaded t e s t  in  which th e  r a t e  o f  deform ation  and th e r e f o r e  th e  
r a t e  of vacancy g e n e ra t io n  i s  lower and th e  number of s i t e s  few er. In  
the  r a p id ly  loaded t e s t  th e  v acanc ies  would be c re a te d  ve ry  q u ic k ly ,  
e s t a b l i s h in g  th e  c o n d i t io n s  f o r  s im ultaneous n u c lé a t io n  a t  a l a rg e  
number of s i t e s .
4 .3  F ra c tu re  D u c t i l i t y
The f a i l u r e  s t r a i n  of a l l  Batch 2 specimens has been remarked upon 
as being  nom inally  c o n s ta n t .  This s t r e s s  and ca rb id e  spacing  
independence i s  c o n s i s te n t  w ith  a uniform  m a tr ix  which deforms in  a 
tem pera tu re  dependent manner. The h ig h  s t r e s s  dependence of th e  creep 
r a t e  does no t d e t r a c t  from such a h y p o th es is  s in c e  t h i s  i s  l in k e d  w ith
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the  creep r a t e  c o n t r o l l in g  f a c t o r ,  carb ide  sp ac in g . D u c t i l i t y  w ith  
such a u n ifo rm ity  as th a t  observed h e re ,  s t ro n g ly  im plies  t h a t  th e  
m a te r ia l  should be considered  as a d u c t i l e  m a tr ix  in  which deform ation  
r a t e  b u t  not q u a n t i ty ,  i s  determined by a superimposed d is p e r s io n  of 
second phase p a r t i c l e s .  The two param eters  behave in  a complementary 
manner on ly .
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5. CONCLUSIONS
The fo u r fo ld  o b je c t iv e s  s e t  out in  1.2 have been achieved  fo r  
ICr.Mo.V. s t e e l  in  the  f e r r i t e - p e a r l i t e  c o n d i t io n .
I t  must be concluded th a t  th e  equ iva lence  of creep s t r a i n  and 
p l a s t i c  or p r e - s t r a i n  cannot be assumed; the  m a te r i a l  under 
c o n s id e ra t io n  should be t e s t e d  under c o n d i t io n s  which a re  as n e a r ly  
as p o s s ib le  those  ob ta ined  in  s e r v ic e .  A method has been d e r iv ed  
to  enable  v ia b le  p r e d ic t io n s  to  be made of th e  e f f e c t  of p r e - s t r a i n  on 
subsequent creep behav iour .
The creep r a t e  of t h i s  m a te r ia l  i s  dependent upon th e  spac ing  
of vanadium carb id e  p r e c i p i t a t e s  and th e  climb of d i s lo c a t io n s  around 
them. A model i s  proposed which f i t s  the  d a ta  ob ta in ed  e x p e r im en ta l ly .
Vanadium carb ide  spac ing  i s  dependent upon the  i n i t i a l  s t r a i n  
r a t e  i f  vanadium remains in  s o lu t io n  u n t i l  t h i s  s ta g e .
ICr.Mo.V. s t e e l  in  th e  c o n d it io n  used f o r  th e se  t e s t s  i s  
s tren g th en ed  by p r e - s t r a i n  in  the  slow ly p r e - s t r a in e d  case  b u t  n e i th e r  
h igh or low r a te s  of p r e - s t r a i n  achieve  the  creep  r e s i s t a n c e  of r a p id ly  
loaded , non p r e - s t r a in e d  m a te r i a l .
Over the  range of s t r e s s e s  employed th e  m a te r ia l  e x h ib i t s  a 
nom inally  co n s tan t  s t r a i n  to  f a i l u r e  due to  an independence of d u c t i l i t y  
upon second phase p a r t i c l e s .
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APPENDIX 1
Creep Rig -  Programming U nit
The creep r i g  was d esc r ib ed  in  2 .2  and mention was made of the  
programming u n i t .  The schem atic  drawing i s  rep ea ted  in  F igu re  I 
(Appendix 1). B r ie f ly ,  the  specimen may e i t h e r  be deformed in  creep 
or s t r a in e d  by means of the  h y d ra u l ic  ram. This i s  c o n t ro l le d  by a 
v o l ta g e  derived  from the  se rv o ,  o r  summing, a m p l i f ie r  which adds in p u t  
v o l ta g e s  a r i t h m e t i c a l l y .  T herefore  i f  a l l  s ig n a l s  from the  specimen 
( load  or s t r a i n )  a re  of p o s i t i v e  s ig n  and c o n t ro l  v o ltag es  of 
n e g a t iv e  s ig n  the  ram w i l l  respond to  th e  s ig n  and magnitude of the  
r e s u l t a n t .  I t  w i l l  move towards compression fo r  a p o s i t i v e  v o l ta g e  
and towards te n s io n  f o r  a n eg a tiv e  one. Thus i f  the  specimen s ig n a l s  
a re  zero  and a n eg a tiv e  c o n t ro l  v o l ta g e  i s  a p p lied  the  ram w i l l  
descend and produce a p o s i t i v e  s ig n a l  from th e  specimen t r a n s d u c e rs .
This w i l l  a r i t h m e t i c a l l y  reduce the  c o n t ro l  s ig n a l  u n t i l  e i t h e r  zero  
v o l ta g e  i s  reached (ram s t a t i o n a r y )  o r  a f u r t h e r  n eg a t iv e  v o l ta g e  i s  
ap p lied  from an e x te r n a l  sou rce .
C ontro l v o ltag es  a re  su p p lie d  by one o r  o th e r  of th e  u n i t s  whose 
c i r c u i t s  appear in  F igure  2 (Appendix 1 ) ,  shown sep a ra te d  by a dashed 
l i n e .  C ontro l v o l ta g e s  a re  between 0 v and 1 v w ith  a measured accuracy  
of 0 .01 mV above 0 .25 mV and 0.0025 mV a t  lower v a lu e s .
The upper p a r t  of th e  c i r c u i t  i s  the  p r e - s t r a i n  u n i t .
E s s e n t i a l l y  i t  i s  used as fo llow s fo r  p r e - s t r a i n i n g : -
1. Load and s t r a i n  s ig n a l s  a re  fed in to  th e  a p p ro p r ia te  ja c k  p lug  
socke ts  (shown a t  the  top of th e  d raw ing ).
2. Phase 1 v o l t s ,  ’set*  and ’t r i m ’ , p o te n tio m e te rs  a re  a d ju s te d  to  
give the  v o ltag e  p ro p o r t io n a l  to  the  p r e - s t r a i n  re q u ire d .
3. Phase 2 v o l t s ,  ’s e t ’ and ’ t r i m ’ , p o ten t io m e te rs  a re  a d ju s te d  
to  g ive  the  v o l ta g e  p ro p o r t io n a l  to  th e  f i n a l  creep load .
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4. The c a r r i e r  a m p l i f ie r s  f o r  bo th  load and s t r a i n  t ia n s d u c e rs  a re  
s e t  to  the  c o r r e c t  range and a t t e n u a t io n .  F u l l  s c a le  d e f l e c t i o n  on 
th e se  i s  one v o l t  b u t  by ad justm ent t h i s  can be made p r o p o r t io n a l  to  
any va lu e  of load o r  s t r a i n .
5. A c t iv a t in g  the  r e l a y  connects th e  Phase 1 v o l ta g e  and th e  
ex tensom eter v o l ta g e  to  the  summing (feed  back) a m p l i f ie r  caus ing  th e  
ram to  move u n t i l  zero v o l ta g e  i s  ap p lied  to  i t .  At t h i s  time the  
r e l a y  i s  d e -a c t iv a te d  which d isco n n ec ts  th e  p rev ious  in p u ts  and 
connects the  Phase 2 v o l ta g e  and the  load t ra n sd u c e r  to  th e  summing 
a m p l i f i e r .  The load n ecessa ry  to  cause the  p r e - s t r a i n  i s  now decayed 
to  the  creep load . Weights can now be added to  th e  'p a n '  on th e  beam 
of the  creep machine and as each i s  added th e  load c e l l  v o l ta g e  w i l l  
change causing  the  ram to  d ecrease  i t s  p u l l .  When the  l a s t  w eight i s  
in  p o s i t io n  the  ram ceases  to apply  te n s io n  and i t  may be sw itched  o f f .  
The r a t e  of a p p l i c a t io n  of th e  s t r a i n  o r  the  load  under th e se  
co n d i t io n s  i s  always ra p id  and occurs in  l e s s  than  1 second. I f  a 
c o n t r o l le d  r a t e  i s  re q u ire d  e .g .  f o r  slow p r e - s t r a i n i n g  o r  f o r  long 
term s t r a i n i n g  a t  a s p e c i f i c  r a t e  the  Rate C on tro l u n i t  i s  used.
This employs m oto rised  p o ten tio m e te rs  which, by s e l e c t i n g  the  
a p p ro p r ia te  range on the  extensom eter a m p l i f ie r ,  can apply  s t r a i n  r a t e s  
down to  10 ^ cm/cm/hr. The re q u ire d  c o n t ro l  v o l ta g e  i s  a p p l ie d  ac ro ss  
the  p o te n t io m e te rs .  This i s  then  d r iv en  a t  a p redeterm ined speed to  
change the  ou tpu t v o l ta g e  a t  a c o n t ro l le d  r a t e .  At the  end o f i t s  run 
a second po ten tio m e te r  can be coupled a u to m a t ic a l ly .  Thus extended 
runs a t  a g iven s t r a i n  r a t e  can be made o r th e  r a t e  can be changed 
when the  second p o te n tio m e te r  becomes o p e ra t iv e .
A changeover r e l a y  perm its  combinations o f  the  p r e - s t r a i n  and r a t e  
fu n c t io n s  to  be performed. A l i m i t a t i o n  i s  the  a b i l i t y  o f  the  ram 
v a lv e  to  d is c r im in a te  between background 'n o i s e '  and a s low ly  changing
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s ig n a l  v o l ta g e .  This i s  p a r t i a l l y  overcome by use of a ' d i t h e r '  
c i r c u i t  to  apply a r a p id ly  changing s ig n a l  which the  ram cannot fo llow  
thus swamping n o is e .  F u r th e r  improvement i s  achieved by th e  use of 
c a r e f u l ly  matched t r a n s d u c e r s ,  tem pera tu re  compensation and re d u c t io n  




F igure  1 (Appendix 2) shows the  g en e ra l  view o f  a complete 
ex tensom eter. The ex tensom eter i s  a t ta c h e d  to  th e  specimen by c o l l e t s  
g r ipp ing  r id g es  machined a t  th e  end of the  gauge len g th .  Yoke p ieces  
a t  top and bottom c a r ry  th e  a c tu a t in g  ro d s ,  two to  each yoke, which 
o p e ra te  the  d isp lacem ent t ra n s d u c e rs .  The rods from th e  top yoke 
in c o rp o ra te  a p iece  of the  t e s t  m a te r i a l ,  equal in  len g th  to  th e  gauge 
len g th ,  t h i s  removes d i f f e r e n t i a l  expansion e r r o r s .  The upper rods 
p a ss  through tubes a t ta c h e d  to  th e  lower yoke p ieces  and a c tu a te  th e  
s t r a i n  t ra n sd u c e rs .
Also a t ta ch e d  to  the  lower yoke p ie ce  a re  a p a i r  o f  tubes co n ta in in g  
f ix e d  rods which a c tu a te  a second p a i r  of t ra n s d u c e r s .  This second p a i r  
only show a change in  read in g  i f  th e re  i s  a change in  tem perature  below 
the  gauge le n g th .  Such changes, due to  ambient excu rs ions  e t c . ,  have 
been shown to  a f f e c t  th e  o v e r a l l  accuracy  on s e n s i t i v e  r a n g e s .
The t ra n sd u ce rs  a re  connected e l e c t r i c a l l y ,  f i r s t  as a p a i r  of 
s t r a i n  and tem peratu re  ones in  an o p p o s ite  sense to  cancel tem perature  
v a r i a t i o n s .  Secondly the  ou tpu t of a s t r a in / t e m p e r a tu r e  p a i r  i s  fed 
in to  a u n i t  which adds th e  in p u ts  and d iv id es  by a f a c to r  of two. This 
l a t t e r  fu n c t io n  i s  to  compensate f o r  rock ing  of the  yoke p ie c e s .
This combination has been shown to  be remarkably s t a b l e  enab ling  
-6  .s t r a i n s  of 10 inches to  be m onitored over long p e r io d s .
An e s s e n t i a l  requ irem ent i s  t h a t  th e  tra n sd u ce rs  a re  c a r e f u l ly  
matched. Provided t h a t  matching i s  good and t h a t  th e  t ra n sd u ce rs  a re  
s e t  p ro p e r ly  so th a t  the  e l e c t r i c a l  and m echanical zeros a re  c o -o rd in a te d ,  
t e s t s  may be c a r r i e d  out w ithou t good ambient tem peratu re  c o n t r o l .  A 
f u l l  d e s c r ip t i o n  of the  equipment and the  t e s t s  upon i t  i s  g iven  by 
W alters  (1970)^^^^.








D ensity  Measurement Techniques
Philosophy
The techn ique  s e le c te d  i s  t h a t  developed by R a t c l i f f e  (1956) and 
i s  a d i f f e r e n t i a l  method u t i l i s i n g  Archimedes p r i n c i p l e .  In  t h i s  method 
th e  t e s t  specimen i s  compared w ith  a dummy which i s  p r e f e r a b ly  of 
s im i la r  m a te r ia l  and in  t h i s  p a r t i c u l a r  case  was an u n te s te d  specimen. 
The masses of th e se  may however be d i f f e r e n t .  These a re  weighed in  
a i r  and in  l iq u id  b e fo re  t e s t i n g  and as o f t e n  as req u ire d  during  the  
t e s t .  The d e n s i ty  change i s  then  g iven  by
^  ^ W(w -  Wp(«^ -
p w(W -  W^) WpCWp -  Wpj )̂
where W and a re  th e  i n i t i a l  w eight of th e  specimen in  a i r  and l iq u id
r e s p e c t iv e ly ,  and w and w^ a re  the  i n i t i a l  w eight of the  dummy in  a i r  
and l i q u id .  F in a l  weighings a re  i d e n t i f i e d  by the  s u b s c r ip t  F .
Since the  d e n s i ty  of th e  l i q u id  and of a i r  a re  no t inc luded  in  
the  c a l c u l a t i o n ,  changes in  th e se  may be ig n o red .  However i t  was 
conside red  prudent to  e l im in a te  such changes as much as p o s s ib le  u s ing  
simple methods and so a i r  c u r re n ts  were excluded even though th e  room 
was h e ld  nom inally  to  ± 2°C. Heat s in k s  were immersed in  th e  l iq u id  
and e q u i l i b r a t i n g  times of a t  l e a s t  an hour were used once th e  specimen 
was p laced  in  the  chamber. P a i r s  of weighings were then concluded as 
q u ick ly  as p o s s ib le .  O ther f a c to r s  which would a f f e c t  accuracy  were 
the  amount of th e  suspension  immersed and th e  e f f e c t  of s u r fa c e  te n s io n .
Apparatus
F ig u re  1 (Appendix 3) g ives a genera l view of the  equipment used.
-5
A S tan ton  CL5D s in g le  pan ba lance  capab le  of weighing to  1 x 10 gms 
was adapted f o r  under pan weighing. As shown, i t  i s  enclosed  in  a 
perspex  box, w ith  hand h o le s ,  supported  on a b r i c k  and co n cre te  p l i n t h
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FIGURE 1 APPENDIX 3 THE DENSITY MEASUREMENT APPARATUS
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s tand ing  on a n t i - v i b r a t i o n  pads. A second p la tfo rm  supports  th e  l iq u id  
c o n ta in e r  which co n ta in s  d ie th y l  p t h a l a t e .  This l i q u id  is  employed 
because of i t s  low s u r fa c e  te n s io n ,  low v o l a t i l i t y  and good s t a b i l i t y .  
The co n ta in e r  i s  a h ig h ly  evacuated  custom b u i l t  thermos bowl mounted 
on a Labjack fo r  r a i s i n g  and low ering . W ithin  the  bowl copper b locks 
prov ide  a h e a t  s in k  as a p re c u a t io n  a g a in s t  ra p id  tem peratu re  changes.
A I in .  t h ic k  perspex  box enc loses  th e  bowl and ja c k  and i s  connected 
by a 'chimney* to  the  b a lan ce  chamber above. From the  ba lance  a 70 ym 
tungs ten  w ire  leads to  a hook above th e  thermos bowl. A c r a d le ,  made 
l a r g e ly  of the  same 70 ym w ire  i s  suspended from the  hook. The only 
p a r t s  of the  suspension  s u b je c t  to  s u r fa c e  te n s io n  in  p r a c t i c e  a re  
two s tra n d s  of 70 ym w ire .  In  o rd e r  to  ensure  t h a t  the  same volume of 
suspension  i s  immersed in  the  l i q u id  a v e r t i c a l  p o in te r  made of the  
70 ym w ire  i s  f ix e d  below the  hooks bu t  above th e  c ra d le .  With the  
l iq u id  s u r fa c e  i l lu m in a te d  th e  bowl i s  r a i s e d  u n t i l  the  p o in te r  j u s t  
a t t r a c t s  a m eniscus, t h i s  p lu s  th e  s in g le  suspension  s t r a i n  a re  the  
p o in ts  a f f e c te d  by s u r fa c e  t e n s io n .  F igu re  2 (Appendix 3 ) .
These p re c au t io n s  a g a in s t  experim en ta l e r r o r  a re  a lso  
supplemented by en su r in g  t h a t  th e  specimens a re  oxide f r e e  and th a t  
bo th  they and th e  dummy a re  u l t r a s o n i c a l l y  c leaned  and d r ie d  in  




FIGURE 2 APPENDIX 3 DETAIL OF THE SUSPENSION FOR DENSITY MEASUREMENT
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APPENDIX 4
M eta llo g rap h ic  Techniques
O p tic a l  M etallography
Specimens were p o l ish e d  down to 600 mesh g r i t  on w a te r  lu b r i c a te d  
s i l i c o n  carb ide  paper.
F in a l  p o l is h in g  was e f f e c t e d  on diamond impregnated laps  us ing  
6 ym to 0 .25 ym diamond p a s te .
U l t ra s o n ic  c lean in g  was used between each o p e ra t io n .
E tch ing  was c a r r ie d  out e l e c t r o l y t i c a l l y  u s in g  5% h y d ro c h lo r ic  
ac id  in  Analar methanol a t  5 v .  This has been found to  d e l in e a te  the  
s t r u c t u r e  w ithou t a t ta c k in g  the  c a rb id e s .
R ep licas  fo r  E le c t ro n  M etallography
A g en e ra l  method o f p re p a r in g  r e p l i c a s  i s  to  p o l i s h  and e tch  the  
s u r fa c e .  Then immerse a p iece  of Bexfilm in  ace tone  u n t i l  s o f t ,  t h i s  
i s  then  l a id  on the  s u r fa c e  and l e f t  f o r  15 m inu tes . A f te r  t h i s  time 
the  f i lm  may be removed and s e l lo ta p e d  face  up on a microscope s l i d e .  
Carbon i s  d eposited  and th e  r e p l i c a  shadowed using  go ld -p a llad iu m .
The r e p l i c a  may then  be cut in to  sm all p ieces  which a re  p laced  
on g r id s ,  on f i l t e r  paper in  a shallow  d ish .  The paper i s  fo ld ed  a t  
one s id e  to r a i s e  i t  s l i g h t l y  in to  an in c l in e d  p la n e .  Acetone i s  
poured in to  the  d ish  and allowed to  soak up to  th e  g r id s  which a re  
n o t  immersed bu t  kep t m o is t .  When the  p l a s t i c  has a p p a re n t ly  d i s ­
appeared and the  g r id s  can be l i f t e d  w ithou t s t i c k in g  they  should  be 
p laced  on a c lean  paper in  f r e s h  acetone  to  complete the  removal of 
p l a s t i c .  A f i n a l  immersion in  acetone may be n e ce ssa ry .
This method i s  ve ry  u se fu l  i f  (a) l im i te d  r e p l i c a s  a re  a v a i l a b l e ,  
(b) p a r t i c u l a r l y  i f  i t  i s  d e s i re d  to  examine a s p e c i f i c  p o r t i o n .  I f  
the  l a t t e r  i s  the  case the  r e p l i c a  can be examined and cu t under a 
m icroscope.
— 133 —
E x t ra c t io n  R ep licas  fo r  E le c t ro n  M etallography
The su rfa ce  i s  p o l is h e d  and e tched  f o r  2 seconds. Carbon i s  then
d ep o sited  on the  s u r fa ce  fo r  2 seconds under a vacuum of about 1 -
-4
2 X 10 t o r r  w ith  as l i t t l e  v i b r a t i o n  as p o s s ib le  and us ing  a carbon 
p o in t  which has been f i l e d  down to  about 1 .5  mm diam eter over a len g th  
of a t  l e a s t  0 .5  cm. A s tro n g  f i lm  r e s u l t s  which holds p a r t i c l e s  of 
le s s  than  lOoX diam eter and c e r t a i n l y  up to  about 5,000& v e ry  w e ll  
indeed .
The carbon f i lm  i s  then  sco red  w ith  a s c a lp e l  b lade  in to  sm all 
sq u a res .  The specimen i s  then  immersed in  the  e tc h a n t  again  and r e ­
e tched  u n t i l  p ie ce s  of f i lm  a re  d e tached . These p ieces  a re  t r a n s f e r r e d  
to  c lean  A nalar methanol and may be p icked up on g r id s  o r ,  i f  they  a re  
r o l l e d  up, s t r a ig h te n e d  in  d i s t i l l e d  w a te r .
Examination of th e  e x t r a c t i o n  r e p l i c a s  n e c e s s i t a t e d  a techn ique  
which would perm it the  s i z e  to  be  determ ined a c c u ra te ly  i f  p o s s ib le .
In  t h i s  case the  m a g n if ic a t io n  i s  thought to  be w i th in  3 o r  4% of th a t  
s t a t e d  bu t  a l l  photographs were taken  under th e  same co n d it io n s  in  the  
microscope to  p rov ide  a t  l e a s t  a good com parative s tu d y . M ag n if ica t io n  
in  e l e c t r o n  m icroscopes i s  ex trem ely  d i f f i c u l t  to  measure a c c u ra te ly  
and even methods such as th e  p la c in g  of p o ly s ty re n e  b a l l s  on the  
specimen i s  su sp e c t .
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APPENDIX 5
A n se ll  and Weertman's Model fo r  Creep of a D isp e rs io n  -  Hardened 
M a te r ia l
This model was proposed to  e x p la in  th e  dependence o f  creep r a t e  
upon p a r t i c l e  spacing  in  an aluminium a l lo y  hardened w ith  a f in e  
d is p e r s io n  of alumina (A nsell and Weertman 1959)
In  the  model the  r a t e  c o n t r o l l in g  p ro cess  i s  th e  climb of 
d i s lo c a t io n s  over p a r t i c l e s  in  th e  m a tr ix .  They assume a th re e  
d im ensional network of d i s lo c a t io n s  p ro v id in g  so u rc es ,  t h i s  would 
seem v ia b le  s in ce  deform ation  and a g e n e ra t io n  mechanism fo r  
d i s lo c a t io n s  must e x i s t .  They co n s id e r  creep a t  low, h igh  and ve ry  
h igh  s t r e s s e s  w ith  the  d iv id in g  l i n e  between low and h igh  s t r e s s e s  
d e fined  by the  f a c t  t h a t  a t  low s t r e s s e s  d i s lo c a t io n s  cannot be 
fo rced  p a s t  p a r t i c l e s .  The low s t r e s s  a n a ly s is  i s  v a l i d  in  cases  
where
where y i s  shear modulus, b Burgers v e c to r ,  L le n g th  of a Frank-Read 
source  and X p a r t i c l e  spac ing . In  th e  t e s t s  d esc rib ed  in  t h i s  t h e s i s  
th e  h igh  s t r e s s  a n a ly s is  i s  th e  c o r r e c t  one. F ig u re  1 (Appendix 5) 
g ives  a schem atic  r e p r e s e n ta t io n  of th e  h ig h  s t r e s s  p ro c e ss .  
D is lo c a t io n s  a re  fo rced  p a s t  p a r t i c l e s  and in  doing so le av e  pinched 
o f f  loops around them. The creep r a t e  i s  d e f in ed  by th e  r a t e  a t  which 
th e se  loops climb and a re  e v e n tu a l ly  a n n ih i l a t e d .  This p rocess  i s  in  
tu rn  dependent upon the  vacancy f lu x .  In  A n se ll  and Weertman's model 
i t  i s  assumed th a t  the  m a t r i x - p a r t i c l e  i n t e r f a c e  can be a source  or 
s in k  f o r  vacanc ies  and t h a t  a flow w i l l  occur between d i s lo c a t io n s  
and th e  i n t e r f a c e .
The r a t e  of a n n ih i l a t i o n  of loops i s  e s t im a ted  as fo l lo w s .  Loops 
climb because of the  i n t e r a c t i o n  between th e  p i le d -u p  lo o p s ,  th e
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d i s lo c a t io n  l i n e  and th e  p a r t i c l e .  I f  n loops a re  p i le d -u p  in  the  
d is ta n c e  X then  th e  v a lu e  of n i s  given by
n % (1)
D . y
The d is ta n c e  a loop must climb (A) b e fo re  ano ther  loop i s  pinched 
o f f  i s  approxim ately
, 2 , 2A 'il y .b  f\j y .D
The r a t e  of climb of th e  loop i s  given by
2
2 ,0  «b . X. D /o\
= y .k .T
by combining th e  equations  (2) and (3) we o b ta in  a v a lu e  f o r  R, th e
g en e ra t io n  r a t e  of d i s lo c a t io n s  a t  a sou rce ,
4 2
R = ( 4 )
b . y . k. t
R o r i g i n a l l y  appeared in  the  low s t r e s s  creep r a t e  eq u a tio n
t  = M.IT.ç^ .b .R  (5)
where M i s  the  d e n s i ty  of sources and ç th e  maximum ra d iu s .
Ç i s  d e f in ed  as
Ç = / | .M . h  (6)
I f  the  l a s t  equations  (4 ) ,  (5) and (6) a re  combined th e  creep r a t e  a t  
h igh  s t r e s s  i s
4 2. 2 . 7T. O. X. D /e = -------3---------- (7)
h. y ,k .  T
3Which i s  v a l i d  up to  s t r e s s e s  where n .o .b  /k .T  becomes g r e a te r  than  
one. At t h i s  s tag e  th e  v e lo c i ty  v changes and i s  g iven  by
- p  (B )
r e s u l t i n g  in  a m odified  ex p ress io n  fo r  t  which i s  n o t  a p p l ic a b le  to
th e se  r e s u l t s .
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